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Because hydralic fluids were the initialinfmblesina 
number of aircraft fires, attempts have been made by private and 
government research organizations to produce hydraulic fluids wdth 
increased resistance to fire. Asurveg of the developments In 
this field is psented herein. Specification requirements, 
physical and chemical properties, hydraulic-system teat results, 
and advanteges and disadvantages of varfoua hydraulic fluids are 
discussed. Types of less-i nf lamnable hyd?~ulic fluid reported sze: 
gXycol derivatfve, water base, silicone, ester,andhalogenated 
CnmTJound.  For ccqletely satfsfactory service, some modiffcation 
of currently available fluids or of present hydraulic-system parts 
still appears neoessary. 

Various glycciLs, glycol ethers, polyglycols, and polyglycol 
ethers and esters have been considered as components.  Leaet 
inflammability uas noted for glycols of low molecular weight and 
for polymeric glycols and polymeric gl.ycol ethers. Fluids with 
eoms prcmisIng properties have been devieed that oontain polymeric 
glycol ethers @ Ius dfcarboxylic or phosphate esters. 

Less-InfAble hydraulic fluids have been formulated with 
water and ethylene glycol as mafn components.  Improvement of low- 
temperature characteristics, diminished wear in pumpe, and decreased 
attack on actfve metals are smong the objectives sought in the con- 
t inued developnt of thfs tgpe of fluid. 

Sil icones of suitable viscosity exhibited many desirable 
qualities that recwnd their use for less-inflammable hydraulio 
fluids. Difficulties (later partly resolved) were encountered in 
excessive wesr due to sliding friction between steel-to-steel and 
steel-to-cast-iron surfaces, shrinking and hardening of O-ring 
rubber packings, and maintenance of tight connect ions in hydraulic 
lines. 
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Of the various esters tested as components - phosphates, 
dioarboxylates, berates, ati carbonates - the phosphate8 appeared 
the most difficult to ignite and the most stable to hydrolysis. 
Esters exhibited tendencies torahs oxidation and corrosion and 
caused greater swelling of oonventional rubber packings than 
petroleum-base hydraulic fluids. 

Anumber of chlorotichlorofluoro organic ccmpounds have 
shown premise aa snuffer constituents of less-infhmuable hydraulic 
fluids. Many fluorocarbons investigated were insufficiently 
miscible with other oaponerrts over the appropriate temperature 
range. A number of-fluids oontaining halogenated compounds caused 
undue swelling of present rubber packings. The toxic effeut of 
mmy of these compounds ie yet to be determined. 

INTRODUCTICN 

A survey was made at the NACA Lewis laboratory of fires occur- 
ring in commercial air-oarrier aucidents in the United States and 
dependent territories during the lo-year period ending July 1, 1948 
(referfxme 1). Of the fires in which the initial combustible was 
identified, 5 percent was attributed to hydraulio fluida. A more 
detailed analysis follows: 

Type of Total nuniber Number of fires with Number of fires csused 
fire offires initial cordbustible by hydrxllic fluid6 

iaentified 
Ground 82 72 6 
Fli,&t 135 ILO 3 
Crash 61 7 1 

The problem of fires resulting from use of inflammetble hydraulio 
fluids seemingly can be eolved and therefore has received consider- 
able attention during and since World War II. 

The fire hazard that crises from use of inflammable hydreulic 
fluids is a matter of serious concern to comuxzrcial and military 
operators because of the wide distribution within the airplane of 
lines carrying the fluid under pressure. In some airoraft, these 
pressures are as high as 3CCO pounds per square inch. Leakage of 
the fluid is not uncommon; in addition, a break in the line will 
permit a atream of fluid or a very inflammable mist to be exposed 
to a possible ignition source. 
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Many orgauizations have been actively engaged in the develop- 
ment of lese-inflammable hydraulic fluids; as a result, several 
prmising fluids have been produced. Det8.i.b on the VariouB typea 
of fluid are presented herein, although information on 8 few is 
not given. AB 8 participant in the program for the reduction of 
fire hazards in aircraft, the NACALewis laboratory, in reference 2, 
briefly presents the progress in the developmnt of less-inflmmable 
hydraulic fluids. Since the publi&.tion of refereme 2, a more 
extensive fmrvey h&s been made by the NACA in an effort to aeoertain 
the current status of the developnt of less-inflammable fluids. 
The results of this mrvey are summarized herein in order to provide 
a basis for future effort in this field. 

Water was the earlfeet liquid utilked a8 a bydraUic fluid; 
however, its usage was 8mewhe.t limited by poor lubricity. In the 
search for liquids of more desirable lubriaity, subsequent develop- 
ment led towaxd liquids that are by nature highly inflammable. The 
first of this class was a castor-oil-base type that contained ethyl 
alcohol as a diluent (reference 3). This fluid was eqiloyed in the 
brake system of a number of automobiles in the middle 1920's (ref- 
erenoe 4) and improved castor-oil-base formulations were later used 
in aircraft hydraulic systems. In recent years, petroleum-base 
fluids having suitable viscosities, pour points, and low-temperature 
stability have been used in order to permit cold-weather operation 
of aircraft. The importance of petroleum-base fluids has increased 
steadily since the early 1930'8. 

mrly.in World War II, the United States military authorities 
started programs to develop noniuflammble or less-inflammable 
hydrdulic fluids for aircraft. Near the close of the war, a number 
of airplane mmufe,cturers, petroleum refiners, chemical ocmqaniee, 
and associated induetrfes became actfve in the develop& of such 
fluids. As a result, certain ohemical and physical facts have 
already become well established and sane fields of related research 
have been extensively investigated. Details of this developnt 
will be subsequently diecuseed. 

HHIRAUZIC-FLUID smcATIoNs 

Although inflemability characteristics must obvicrr;rsly 6erve ae 
the basis for selection of liquids to be considered as components of 
less-inflammble hydraulio fluids, many other requirements must be 
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met before a newly developed fluid oan be accepted. The chetiaal 
nature of the lees-inflammable liquid8 considered.& present 18, 
however, such that complete oonformance with specification8 written 
for petroleum-base fluid8 is expected to be quite difficult. 

For several years, the Bureau of Aeronautics, Department of 
the Navy, has M a noninflammsble-hydraulic-fluid specification 
(referenoe 5) that applies to one specific water-base type. In 
table I, speoifioation AK-O-366 for the conventional pctroleum- 
base hydraulic fluid is compared with two general specifications 
for less-inflamm&ble fluids, SAE AMS 3l5QA azad a proposed military 
specifioation dated December 12, 1949. The SAE epecifioation (refer- 
ence 6) is an ,interim type for use in comnercial-airmaf't hydrmlic 
systems; the proposed military specifioation, which is for develop- 
mental pulrposes only, present8 the joint requirements of the Air 
Foroe and the Bureau of Aerorvbutics. Some of the speoification 
requirements are dfscussed in the following paragraphs. 

Paokfnga. - Synthetic! nabber packings sre u8ed to in8ure proper 
performanc e end tight connections for the hydraulfo system. Experi- 
ence has shown that oonetituents of even petroleum-base hydraulic 
fluids must be oontrolled to keep rubber swellfng within suitable 
limits. A still greater problem in thie regard is pre8ented by a 
less-dnflammable hydraulio fluid because a greater variety of type8 
of ohetioal may be employed. 

Compatibility. - New hydraulic fluids should be onrpatible with 
petroleum-base hydraulic fluids; the formation of imIscible layers, 
precipitates, or sludges would be unsatisfactory. Com~tlbillty 
requirements for SAE AM9 3150A hydraulio fluids are leer8 severe than 
demands made by the proposed military specification. 

Toxicity. - The less-inflammable hydraulic fluids desired by 
both military and oonmerc1a.l graups show be nontoxic. Sme adjust- 
ment of dqmmids may be neoessary and logioal, aonsidering the present 
acceptability of the use of tetraethyl lead in the fuel. 

Vieoosity. - Because commercfal aircraft are not gener8U.y sub- 
jeotid to t& very low temperatures military afrcraft mst meet, the 
low-temperature viscosity requirements for the lees-inflammable 
hydraulic fluid for conmeroial airplanes am not as severe as a~ 
the military demands. Fluids for mmnercial airplanes may have vis- 
cosities at -400 F as high as 2000 or 7000 oentistokes in oontrast 
to the present 5OO-uentistoke 1iml-t at -40' F or the roughly corre- 
sponding 2500-oentipoise limit at -65O F proposed for military aircraft. l 
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Low-temperature stability. - Eydx%ulfc fluids for airoraft use 
may be exposed. to low temperatures for long periods of time. A 
fluid that forms solids or two liquid phases under low-temperature 
conditions is undesirable. Military requirements in this respect 
are considered to be more severe than commercial requirements. 

Corrosion. - Both military and ccszmercial requirements avoid 
corrosion of metallic parts of the hydzaulio system. The influence 
of moisture is considered in testing the corrosiveness of the less- 
inflarmnable hydraulic fluid for cosm~rcial aircraft. 

oxidation. - Oxidation of fluids contafning petroleum fractions 
prcxiucee acidic materials and sludges, particularly in the presence 
of certain metals. The extent of oxidation of less-inflammable 
hydraulic fluids is also determined and controlled. 

Shear stability. - Military and ocarrmercial groups are both 
interested in shear stability of the fluid, Details of test con- 
ditions for each group are given in table I; conditions for the 
ccmnercial fluid apparently are the most rigorous. 

Wear and lubrication. - Control of these mperties in the case 
of less-inflammsble fluids for military and co~~~~ruial aircraft fe 
quite important, as noted in the epec3fications of table I. 

Inflammability. - The term "less-Inflammable" is used hereinto 
describe a fluid that ignites with greater difficulty than a petroleum- 
base hydraulic fluid but that will show slight ignition in any of the 
inflammability tests of the SAE AMS 315OA specification; the term 
'kninftible" is restricted to the condI.tion where no flm whatever 
occurs in tests oarefully performed in accordance with this epeoifi- 
cation. The inflammability characterietioe of Q-draulic fluids cannot 
be defined adequately by a single procedure. For this reason, several 
of the foll.ow%ngmeth&s are requiredinvarioue specifications: 

1. Autogenous-ignition-temperature test. - The SAE e~cifl- 
cation (reference 6) states that the autogenous-ignftfon temperature 
shall preferably be above 750° F, as detm d by A.S.T.M. Method 
D286-30. The autogenous-igoition temperature (also called epontaneaus- 
ignition temperature) is the temperature at which the fluid ignites ' 
upon imdlate contact ufth a heated surface. An earlier version of 
the proposed military epeoification required an autogenous-ignition tern-- 
perzture of at least 1000° F; the present version, dated December 12, 
1949, does not fnolude an autogenoue-ignition-tem~rature test. 

. 
2. Oxygen-demand test. - The oxygen-dermnd, test was developed 

at the Naval Research Laboratory (reference 7) and is designed to 
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measure the degree ofinflammabilityinterms ofthe amount of oxygen 
in an oxygen-nitrogen mixture necesesry to prom-k an arc-ignited 
flame in a finely divided spray of fluid in that a+asphere. In 
general, substances found to be quite inflammable required as little 
as 12 percent oxygen in the gas mixture; these substances included, 
for example, benzene,=-hexadecane, and ec.sm samples of caetor-oil- 
base and petroleum-base hydraulic fluids. In contrast, a few chlorin- 
ated substances, certain carbonate esters, some silicones, aquecRle 
solutions of several glycole or their monoether derivatives required 
over 60 perwent oxygen. The earlier version of the proposed military 
specification for less-infAble fluids required that the percentage 
of oxygen needed for flame propagation be limited to a mim of 
50 percent; the present version of this specification does not include 
an oxygenand test. 

3. Spray test. - In this test, the hydraulic fluid shall not 
inorease the intensity of a standard fire when emitted in a dense 
SpraY. The SAE specification (reference 6) requires that the test 
fluid be equal to or better than the standard reference fluid HS-1. 

4. high-temperature-ignition spray test. - The epecifications 
require that the fluid be sprayed through an orifice under high pres- 
sure and that an attempt be made to obtain continuous ignition with a 
oonoentrated flame eouroe. In order to pass the proposedmilitary 
specifioation, the fluid shall stop burning upon removal pf the flame 
source andehallnotignite except aroundthe flame-source area itself. 

5. Manifold test. - In this test, the hydraulic fluid is dripped 
onto a simulated manifold section he&ted to approximately 1300° F. 
The proposed military specification requires that the fluid shall not 
ignite on the &fold or upon leaving'the manifold. 

6. Inoendi~-gunfire test. - The gunfire test is a military 
test and is not specified for the =rcisl type of fluid. The 
proposed militarg epecifioation requires that the fluid shall not 
burn when subjected to direct penetration by a 0.30-caliber incendi- 
ary bullet. Incendiary-firing tests on several fluids of interest 
are described in referenoe 7. The height of the resulting fti was 
considered to be a criterion of the relative flammability of the 
hydz~ulio fluid. 

DEVELOPMEXCOFLESS-B HYDmc lzmlDs 

As previously mentioned, inflarmnability tests have served as the 
basis for the selection of potential components of-lees-inflammable 
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hydraulic fluids. Preliminary inflammability tests, oonducted by 
the NavsZL Research Laboratory (references 8 and 9) and sumwrized 
in reference 7, indicated the following classes of material to be 
of promise: 

(1) Certain polyalkylene oxides 

(2) Glycols with high percentages of oxygen 

(3) Certain aqueous or*nic solutions oontalning eufficiently 
high proportions of water to z-e&r them noninflammable 

(4) Silicones with viecosities of over 20 centistokes at 
100' P, if properly stripped of volatiile fractfons or impurities 
(The substances of partioukr interest are p~yI=thyleiloxenee and 
poly(methy1, phenyl) eil~nee.) 

(5) Chlorinated orfluarinated mbons and ethers that 
contain approximately three atoms of halogen per molecule (For 
substances studied, this smount was equivalent to nearly 500percent 
ha1ogenation of the ComPound.) 

Among tepee of material considered unfavorable for use as non- 
inflaslmable fluids at the tfIlle the investigation was initiated were 
certain organic phosphates and esters of dibaeio acids (references 7 
and 9). Both ester classes are discussed later be&se other 
investigators believe suitable lees-inflammable fluids may be formu- 
lated by using constituents from these classes. (Two different 
criterions of inflammability were utilized by the respective research 
wc=ps.) 

On the basis of availability, hydrolytic properties, deleterious 
effect on packings, toxicity, and cost, classes (4) and (5) were not 
given immediate consideration after preliminary 1nveetigatWns by the 
Naval ResearchLaboratory (reference 9). Prirnsry emphasis in the 
development of a new hydraulic fluid was thus piLeced on those chemiceile 
in classes (l), (2), or (3). In actual practice, a31 three olesees 
were involved because preliminary surveys showed that polyalkylene 
oxides and glyccils alone did not possess requieite properties for a 
noninflammable fluid (references 9 and 10). Ultimately from-these 
fundamental uonsiderations, the Naval Research Laboratory evolved 
Eydrolubes C, A, U, and U-4, although other versions of Hydrolube U 
have received consideration. 
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A number of glycols and glycol derivatives have been considered 
as possible components of less-inflammable hydraulic fluids. Most 
of the published information on the subject has been issued by the 
Naval Beseetroh Laboratory (referenoee 7 to 11). 

Monomeric Glyools 

Inflammabilitydata for oxilya few of the eim@e alkylene 
glycole have been reported. Ethylene glyool is indicated (table II) 
to be slightly lees ipflmmable than mpylene glyool. Both were 
considerably lees 1nflammEtble than petroleum-base hydraulio fluids 
and would psse the autogenoue-ignition-temper+ure test of the 
SAE AM3 3150A but not the corresponding test nor the oxygen-demand 
test of the earlier proposed military epeoifioation. In the incendiary- 
gunfire test, ethylene glyool o0oaeicmally produced. flames of 3 to 
8 feet in height, whioh the inveetigatare considered emsll (refer- 
eme ll). Water solutions of this glyool produced flames of lower 
magnitude. This type of solution will be more fully discussed in 
the section on wster-base fluids. 

Higher members of the alkanediol series are available up to 
ootanediols but little or no information has been published on 
infls&ability ebnd other properties of interest in hydraulic-fluid 
behavior. 

Monolneric Glycol E%hers 

Simple glycol ethers (monoalkoxyalkanole) have shown much 
greater inflaslnaability than the corresponding glycole. Thus, the 
monomethyl, monoethyl, and monobutyl ethers of ethylene glycol had 
much lower flash points and oxygen demands than ethylene glycol 
itself, as shown in table II. These ethers were at least as 
inflannnable as petroleum-base fluids. 

In addition to low flash points, other disadvantages of lower 
glycols and glycol ethers as possible constituents of lees-inflammable 
hydraulio fluids (referenoe XL) are: low oxidation stabilitiee, 
hygroscopic nature (oaueee aqueous corrosion problems), low viscosity 
indices, and solvent action for the plasticizers of rubber packings 
(partioularly true for some glycol ethers of low molecular weight). 

. 
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Some of these difficulties might be overcome with the aid of 
tisoosity-index Gqtrovere and other additives. With a few possible 
exceptions, the lower glycols and glycol ethers, however, are 
considered to be insufficiently fire resistant to show pro&se as 
less-inflammable hydraulic-fluid components unless they m used 
with a highly efficient snuffer or a flwe-extingufehing agent euoh 
88 water. 

Polymeric Glycole 

Such polymers as diethylene, trfethylene, tetraethylene, 
hexaethylene, and nonaethylene glyoole may now be obtained as well 
as homologous polypropylene and polybutylene glycole. The aut ogenoue - 
ignitiontemper&uree and czygendemaa forthe firstfewmer&ers 
of the polyethylene glycol series is shown in table I of reference 10 
to decrease with a higher degree of polymerizatfon although-the flash 
points increase. Boiling points rise with the degree of polymeri- 
zation but the freezing points also~increaee. Accanmeruialpolyethyl- 
ene glyool(pred~u&ntlynonaethylene glycol) tithamoleonlar 
weight of abcxzt 400 had a flash point of 435O F but the freezing 
range was 4' to loo P (reference 12). 

Pour points of the polyalkylene glycols c&d be lowered by the 
use of ieoalkylene units to giTe branched-chain structures; viecoei- 
ties would be inoreased at the s&me time, Nevertheless, reference ll 
does not considerthe polyalkylene glyools promisingbecause of their 
low vieoosity indices. 

The low vieoosity indices for the polymeric slQlene glycole 
are thought probably to be due to the hydrogen bo-&ingthat involves 
thetetinal -OHgroups (reference ll). This psrticules?linkage 
canbe reduoed fnamount oreliminatedbyplacinganesterorether 
group in one or both terminal positions. Aseobiation is then muoh 
lees and higher viscosity indices can be expected. Such omnds 
are commercially available in various types and viscosity grades. 

Polymerdo Glyool Ekthere 

Two ethers of polyglyools havingaloudegree of polymerization 
are included in table II, namely, the monoethyl ether of diethylene 
glycol and dWetho~etraethylene glyool. Both ethers had oqgen 
demands of only 12 percent, the same asthatof petroleum-base fluids.' 
However, many of the slkylmono- and di-ethers of higher polymers of 
ethylene and propylene glycole, identified as EB andIP flufds, 
respectively, are considerably more fire resistant. 
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The I33 and HE fluids having viecoeitiee of over 10 centi- 
stokes at 10C" F have (reference 11) flash points between 325O and 
490' F; fire points between 375O and 6000 F, and autogeLme-ignition 
tempersturee between 720° and 750' F. Oxygendemands range fram 
54 percent for more visooue grades. to 20 percent for grades with 
visoosities below 10 centietokes at 100° F. Incendiary-gunfire tests 
of these fluids show results similar to those for ethylene glycol. 

The LB fluids are slightly water soluble and have water 
toleranoes of 1 to 3 pertsent; the HB fluids are ocmpletely miscible 
with water at ordinary temperatures (reference 13). Rust inhibitore 
are needed and vsrious polar-type inhibitors have been developed 
(reference 11). 

The L6 and H6 fluids also need oxidation inhibitors because 
in the pure form they oxidize in a week at 150° F; effective anti- 
oxidants are available for these fluids (reference 11). These poly- 
ethers are good lubrioants and have little hardeniug or swelling 
effeot on most rubber packings (references 13 and 14). Oxidation 
products are either volatile or soluble in the fluids and. difficul- 
ties with sludge formation rarely occur (reference XL). The princi- 
pal disadvantage of these polyethers as aircraft hydraulic fluids is 
probably that fluids with viscosities of 10 centistokes at 130° F 
have viecositiee of about 10,000 oentietokes at -40' F (reference 11). 

Formulations 

The addition of high-boiling-point organic thinners with high 
viscosity indices and low pour points has been suggested to overcane 
the aforeIllentioned disadvantage of the polyethere (reference 11). 
Thus, when 40 peroent by weight of the high-boiling-point aliphatic 
dicarboxylic ester, ,di-(2-ethylhexyl) adipate, was added to L6-140 
fluid, the viscosity changed from 30,000 to 5500 centistokes at 
-400 F and the viscosity at 130° F changed from 18.1 to 10.1 uenti- 
stokes. No lose in flsme resistance occurred; the flash point and 
autogenoue-ignition temperature remained the same as-that for the 
undiluted LB-140 fluid and the oxygen demand. of the blend was 
above 50 percent. This blend would.not meet the most tigid speoifi- 
oations for lees-Inf'lsmWble hydraulic fluids but at least on vie- 
cosity properties, it eatisfiee the requirements of SAE AMS 3150A 
(grade 7000). The poesibility remains that better formulations of 
this type, containing polyethers as primary constituents, might be 
developed. 
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Formulations with polyethers as secondary constituents have 
been studied. In order to demonstrate vieoosity p-oseibilitiee, 
Carbide and Carbon Chemicals Corporation, the produoer of HB and 
LB fluids, prepared 8 blend containing 27 pement by weight of 
EB fluid (grade 5lOO) and 73 percent by weight of triethyl phosphate 
(referenoe IL). This blend had visoosities of 10.3 oentietokee at 
l-30' F and 442 oentietokee at -do0 F, easily meeting the diffiuult 
viscosity requirements of the AN-O-366 specification. This blend was 
definitely more fire resistant than the AN-O-366 fluid with a flash 
point approximately 100° F higher, an autogenous-ignition temperature 
at least 300° F higher, and an wn demand of 55 percent. Ontheee 
inflammability properties at least, this blend would pass the require- 
ments of SAE AMS 3l5OA. Satisfactory wear preventatives and carroeion 
and rust inhibitors could probably be obtained far this fluid (refer- 
ence XL); however, the large proportions of phosphate ester caused 
excessive swelling of the rubber paokings. 

Advantegee and Disadvantages 

On the basis of present knowledge, glycole of low molecular 
'weight exhibit greatly decreased inflammability but are deficient 
in low-temperature vieooeity properties; their ethers are too 
inflammable, have poor oxidation stability, low viscosity indioes, 
and solvent action for rubber-packing plasticizers. The polyglycols 
show moderate resistance to fire and have high boiling points, but 
indicate the disadvantage of high freezing points. Their viscosity 
characteristics are poor, possibly because. of associated moleoules. 
Some promise has been shown by the ethers or esters of, polyglyoole 
in respect to viscosity and viscosity indices, 

Further reeemh in this field might include IB fluids of 
suitable viscosity plus halogenated esters, ethers, or hydroosrbons. 

WATER-BASEEUDDS 

The Nav8lReeearchLaboratoryhae experimentally established 
the lees-inftible nature of.ethylene, diethylene, and propylene 
glycols and their aqueous solutions, 8s well as aqueous solutions 
of certain ethers of ethylene, diethylene, and tetraethylene glycols; 
the results of this investigation are msented in table II. The 
aqueous soJutionofethy+lene glyuoluaa preferredasthe noninflam- . 
mable base stock after giving consideration to the inflmbility 
results and the following factors (references 9 end 10): 

(1) Attack onpackings by the solution 
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(2) Volatility, flash point, aud incendiary fime hazard of 
organic substance alone 

(3) Difficulty of formulating fluid of deaired viecoeity and 
viaoo8ity index if base steak has too high a viscosity 

(4) Availability, on a large scale, of organic ccmpmnd at 
time of inveetigation 

The freezing point8 of both water and ethylene glycol are 
depressed when the liquids am mixed. The eutectio mixture freezes 
at approximately -S5O F and containa 67 percent by volume of the 
glyool and 33 percent by volume of water. In order to offset water 
evaporation and the resulting rapid rise of freezing point and vie- 
coaity, a solution of 33 percent by volume of ethylene glycol and 
45 percent by volume of distilled water was used. Futihemore, for 
adequate fire re8ietanoe, at lea& 40 percent by volum of water 
was found neceseary. The freezing point of the selected base stook 
was -550 F. 

The fcmmlationthatshowedthe moetpromise inthe eeully 
inveetigations was oalled Eydrolube U and oontained, in addition 
to the base stook, a visooaity-index improver of the polyalkyleue- 
oxide-copolymer olam, liquid- and vapor-phase oorrosion inhibitors, 
and a copper deaotivator. Selection of suitable inhibitors was made 
after examination of a large umber of ccmpouud~ and combinations 
(referenoe 10). 

A second formulation was devieed that ehowed leas prmiee because 
of marked shear breakdowu of the polymer during pump tests, greater 
corrosive effects, and evidence of hard taoky residue tithe evapo- 
ration teat. The main dlfferenue in oonatitution between thie fomuu- 
lation, known as Hydrolube A, and Eydrolube U was the polymer ueed 
ae the viscoeity-index improver. Asodiumpolymethacrylatewae employed 
in Hydrolube A. The composition and mme of the properties of the two 
fomulations, a6 well as those of Hydrolube U-4, are given in table III. 

Inflammability Tests 

The inflamability characteristice of the main compouentfl of 
Hydrolube U are indioated in table II. In addition, the Civil 
Aerouautios Adminietration (referencse 1s) conduoted an investigation 
of suoh chamoteristice for several hydraulio fluida under conditions 
of simulated fire in flight and after cmh. The fluids examined were 
released under pressures of 1000 and 3000 pouuds per equate inch and 
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subjected to ignition by exhaust flames, hot exhaust stack, burning-' 
gasoline, and iguition spark. Fire after crash was simulated by 
the dischmge of the fluids at a pressure of 3000 pounds per square 
inch into an electric arc and an oxyaoetylene flsme. By these 
tests, &dxolube u was rated uonIu.flmmable. After expulsion of 
water from this fluid, however, a low flash point of 295O F uas 
obtained (reference 15). 

Chemical and Physioal Tests 

The behavior of water-base fluids in small-scale chemical and 
physical laboratory tests is reported by several labqratories (ref- 
erences 9, 10, and 16). Although these tests were not maunder the 
ssme cond~tious, certain general conclusions are possible. 

The viscosity of the By&?ol.ubes as formlated was desigued to 
be equivalent at 130° F to that of AN-W-O-36Sb fluid (a specification 
preceding AH-O-368), that is, ‘10 centistokes. At -400 F, however, 
the viecosity wag nearly four times as great as the 500 centistokes 
this specification requires. The valueg easily met the SAE AM3 3l5OA 
requirement. Difficulties were encountered because of this rapid 
change ofvfacosityuithtemperature; a deorease in mobiU$y of 
brakes and elevator boosters was noted on simulated systems at low 
temperatures (unpublished data compiled by the Aircraft Industries 
Association of America, Ino,). 

Other lov-temperature characteristios that are likely to lim-tt- 
performance a.re the freezing point of -50° to -SO0 F and the solubility 
of the various additives (refereme 16 and unpublished data). The 
addition,of another liquid ocxnponent to lmer the freezing point was 
suggested (reference 9); this addition might &Vera&y affect the 
attack on paokings and seas, 

The effect of Bydrolubes on rubber packings has been studied 
in a number of laboratories (references 10, 16, and unpublished 
data). Some vwiation in results is reported; in general, however, 
it is believed that unless water is lost or operating tempemtures 
are appreciably over MO0 F, the action of Eydrolubes on packings 
ie comparable tothatof petroleum-base fluids. 

The corrosive effect of Eydrolubes on metals enoountered in the 
hydxaulic system haa been investigated (references 9, 10, and 16). 
Test procedure varied because no requirersentis stated in specifi- 
cation 5lF22 (reference 5). Indications were, however, that mium 
was heavily attacked, mdmium plate was slightly c--d, aud copper 
was tarnished. 
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The foaming oharacteristics of Hydrolube U and A have not 
presented a problem. Hydrolube A showed less tendency to foam 
than AN-W-O-3SSb fluid (reference 10) and Hydrolube U-4 caused 
no appreciable difficulty due to this characteristic (unpublished 
data). 

A property, not part of the foamdng characteristics, is the 
tendency for Eydrolube U-4 to hold air in suspension(unpublished 
data). This characteristic o&uses more difficulty in bleeding the 
hydraulic system than occurs with AN-W-O-366b fluid. 

The hard tacky residue from evaporation of Hy&rolube A has 
already been mentioned. Even Hydrolube U and U-4 are thought to 
leave a less desirable type of residue (reference 16 and unpublished 
data) than most petroleum-base fluids. The residue from Hydrolube U-4 
has the oonsistenoy of petrolatum, the effect of which is unlmown 
(unpublished data). Better low-temperature prroperties, less 
attacsk on magnesium, and improvement of wear characteristics are 
among the objeotives sought in the continued development of water- 
base fluids. 

Pump~System Tests 

Hydrolubes U and A were pump-tested by the Naval Research 
Laboratory using a Pesco 12-349-R aviation gear pump in one hydraulics 
system and a Vi&era PF-2713-10 aviation pIeton pump in another 
(reference 9). Both systems were otherwise similar and utilized 
standard aircraft parts. The tests were run at pressures of1000 
and 1500 pounds per square inch, at engine speeds of 1800 and 
3600 qm, and at temperatures oflOOo, 140°, and160°F. The pumps 
were periodioally stopped to permit disassembly and inspection of 
the system. During the tests, samples of fluid were withdrawn fran 
the reservoir in order to determine changes in viscosity, pH, color, 
development of precipdtates, 'and other properties. 

In the system equipped with the Pesco gear pump, the water-base 
fluids prcduoed greater wear of the gears,than wxnild oocur with the 
petroleum-base fluids. With higher temperaturesi pressures, and 
speed conditions, the wear increased but no pump failures occurred. 

With the Bickers pump, insufficient lubrication was likewise 
shown. Breakdown occurred becauee of ball-bearing failure either on 
the drive shaft or in the small bearings suppotiing the cylinder 
block. Better performance was obtained by ctiulating additional 
fluid through the ball bearings and by the addition of an antiwear 
additive, dfasy~onium laurate, whIoh is now a constituent of 
Hydrolube U-4, 

. 
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Inferior wzsr character1stics for Hydrolubes U and. U-4 have 
. also been reported by other laboratorfes (reference 16 and unpublished 

E data). In an experiment on Hydrolube U-4 presented in an unpublished 
01 CN report, a Resco gear pump at a pressure of 3000 pounds per squsre inch 

and a temperature of l25O F was severely worn and decreased consider- 
ably in volumetric efficiency after 200 hours. 

Failure of a Vickers pnmp ball-bearing assembly ocourred in 
other tests on HydMlube U-4 (unwblished data). In some of these 
cases, the system uas operated for longer periods, for example, 296 and 
308 hours. Euring the run o-perated for 296 hours, oonsiderable fludd 
ms lost by evaporation that resulted in a 23-percent increase in 
kinematic viscos$ty at -30° F after 250 hours of operation. The 
residual fluid showed no-appreciable change in fire resistance. X 

The Naval Researoh Laboratory, having obtainedsamewhatenoourag- 
ing results from bench pump tests on Bydrolubes A and. U, continued 
the test progremto the next stage, a hydraulic mock-np system includ- 
iwj a number of hydraulically operated aircraft units. The tests, 
conducted at the Naval Research Laboratory and the Naval Air Material 
Center, agaIn offered sufficient prcrmfse so that flight tests were 
made tivolving the two fluids. 

c 

Hydrolube A was tested in a Navy fighter-lass plane for a 
period of 4 months.' During this interval, approximately 100 hours 
of flight time accrued and the vari&s utite of the hydrafiic system 
were frequently operated. At the conclusion ofthetest, the system 
still operated satisfactorily although on disassembly acme threaded 

. connections were found unduly tight. 

Hydrolube U, having shown go&. results on most laboratory tests 
andlowshearbreakdown onthe pumptest, wasdeemedworthyofmore 
exLensive flight testing. Accordi~@Ly, this fluid has been tested 
for a year in 10 Navy fighter-olass p7s with lou-pressure systems 
of EC0 Rounds per square inch. Unpublished information obtained 
fram the Ruzeau of Aeronautics indicated that planes with 300 flight 
hours have shown few leakage failures, although slight corrosion of 
msgnesium parta OcdusTed. Furthermore, Hydrolube U in selected 
planes with high-pressure systems of 3000 pounds per square inoh gave 
satisfactory oper%.tion for at least 450 hours. The Vickers pzmga, 
however, had deteriorated mechanically although sWLl in operation 
(references 17 and 18). 

According to unpLzblished infol7mation obtained from the Navy, 
Hydrolube U-4 was being employed in oertain fighter planes as they 

came off the produotion line. In addition, three experimental models 

. 
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were equipped with'Hydrolube U-4 and operation thus far has 
been satisfactory. One change in-the usual systemwas made, that 
of replaoing the magnesium brake cylinders with aluminum brake 
cylinders. Navy experience indicates that the life of a Vickers 
pump, using Hydrolube U-4, is approximately 500 hours. Also, the 
life of high-pressure hydraulic systems in which Hydrolube U-4 is 
employed is about 80 to 90 percent of that when the petroleum-base 
fluid is used. 

The Civil Aeronautics Administration has made flight tests with 
Hydrolube U-4 in C-47 and C-34 airplanes (unpublished data). The 
C-47 airplane has a low-pres&re hydraulic system (less than 
1000 lb/sq in.) and is reported to have operated satisfactorily for 
approximately 200 hours over a period of 6 months. Similarly, the 
C-54 airplane was operated for 200 hours during a period of 3 months. 
Hydraulic maintenance difficulties, not considered attributable to 
Hydrolube U-4, were encountered. Inspeotions of the magnesium 
brakes were made after 100 and 200 haura of operation. Nothing 
unusual in appearance was noted at tk first inspection but after 
200 hours, small white bubbles were noted near the surface of the 
magnesium. No evidence of pitting was observed. Samples of fluid 
were withdrawn after SS and 114 hours of operation; no change in 
water oontent was found on analysis. A recent article (referenoe 19) 
indicates that the teat on the C-34 airplane was stopped because of 
corrosion of magnesium equipunent in the system. The article states 
that the test on the C-47 airplane was, at that time, still being 
oonduuted although it showed a similar tendency for attack on v- 
sium parts. 

Advantages andDisadvantages 

Hydraulic-fluid formulations based on ethylene glycol and 
water, suoh as Hydrolube U-4, show greatly decreased inflammability 
providing water is not lost. Performanue, noted by various operators, 
suggests necessity for improvement of this type of fluid. At present, 
there is an indioated need for discovering means to decrease the wear 
in pumps, to lessen tbe attack on metals in the hydraulio system 
(especially on those more ohemioslly active, such as magnesium), as 
well as to improve the low-temperature properties of the fluid. 
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SILICONE FIxJIm 
. 

Inflszmnability Tests 

The liquid silicones of suitable visoosity and purity have 
received considerable attention as less-inflammable hydraulic 
fluids (references 7 to 9 and 20). In addition to high flash 
points and autogenous-ignition temperatures, acme liquid silicones 
required frcan 55 to 85 peruent of oxygen on the spray flsmmability 
testandappearedpractioallynoninflarsuable inaninnendiary- 
gunfire test. Ingel?!eral, the eilicone polymers, partiMlarlythe 
polymethyland poly(methy1, phenyl) siloxanes,were foundtobe 
less inflesmmable than petroleum-base fluids but slightly more 
inflammable than water-base fluids or halogenated compounds (ref- 
erences 15 and 21). 

Chemical and Pbysioal Tests 

Extensive preliminary investigations of those physical and 
chemical properties pertinent to hydraulic fluids have been made by 
the Naval Research Laboratory (references 20 and 21) for a number 
of samples of silicone polymers submitted by verious manufacturers. 

One of the most desirable pMperties of the liquid silicones 
is the relatively small change of viscosity with temperature. As 
a result, a lesser value for A.S.T.M. slope is obtained for siliuones 
than for usual hydraulic fluids. 

The behavior of silioones when stored in m&al or glass oon- 
tainers at ordinary orlowtemperaturesis important because an 
increase in viscosity or form&ion of precipitates would decrease 
flow. Storage in tin or terne-plated oans or glass at 77O F in a 
dark room had little effeot on the viscosity of most s-plea; less 
than a 5-percent increase was observed (reference 21). Further- 
more, only insignificant differenoes in effect were noted between 
samples stored in csns and those in glass. 
of -400, -SO", -60°, -70°, 

Storage at temperatures 
and -80' F for 24-hour periods indicated 

formation of crystals in most samples even at -4OO F, although a 
number had par points in the mnge of -5C" to -8C" F. 

. 

A suitable temperature for an accelerated oxidation test was 
found to be 392O F (reference 21); a higher temperature of 4S2O F 
caused rapid gelation'of most samples. Silioones appeared relatively 
stable towards oxidation at temperatures to 302' F. The course of 
the oxidation was followed by observing ohange in viscosity and by 
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measuring the amounts of volatile acids and aldehyde produusd. Both 
formic acid and formaldehyde were identified among these products. 
Sane oxidation tests were run in-the presence of metals likely to be 
present in systems lubricated. The metals used were copper, lead, 
aluminum, magneshun, and tin; the alloys used were bronze, cold- 
rolled steel, sttinless steel, monel, babbitt, and Dowmetal H. 
Tin alone accelerated the oxidation, others inhibited the reactlon; 
babbitt was the most effectfve. 

The corrosive effect of silicone fluids on copper, lead, silver, 
magnesium, tin, babbItt, bronze, Dowmetal H, duralumfn 17S-IT, and 
cold-rolled steel was determined (reference 21) by a modification 
of the Federal Speoifioation Board Method 530-31. The metal strips, 
after careful cleaning and polishing, were ptioed with the fluid 
fn a sealed tube. The tube and the contents were heated in a 
thermostat-controlled bath at 212' F for a period of 24 hours. 
Other tests were made at 150° F for 168 hours (sealed tube), at 
3020, F for 213 hours, and at 392' F for 250 hours (oxidation tests), 
with extensive aerati-on in the last two instances. Besults of the 
tests indicated that at 2l2O F, little attack on the metals was to 
be expected; at 302O F, only copper and its alloys would tarnish; 
at 3920 F, copper, t>n, lead, and their alloys were affected. 
Corrosion of the tin and the lead was the most serious. 

Because water is a known czontsminator in hydraulic systems, 
lnhdbition of the attauk on metals by water-containing silicone fluids 
was desired. By application of previous experience with petroleum 
lubricants at least 10 suitable silioone-soluble corrosion and rust- 
1% inhibitors wre obtained (reference 21). These inhibitors had to 
be soluble to at least -40° F and be effective at percentages of less 
thanl. The preferred group functioned at less than 0.5 percent. 

Surface tensions and specific gravities of the several samples 
of silioone fluids were treasured because of the intimate relation 
between these properties and the tendency of the fluids to creep 
over metal surfaces, 
ence 21). 

to foam, and to emlsify with water (refer- 
The valuee determined for the surfaoe tension were approxi- 

mately 20 dynes per centimeter wdth two exceptions. These values 
were low when compared with those for typical petroleum oils, which 
were 28 to 32 dynes per centimeter. The specific gravities of the 
silicone fluids were lnainly in the range of 0.95 to 0.99. 

According to reference 21, the solubility of water in silicone 
fluids is in the order of 0.1 percent. Because a greater percentage 
of water might be expected in a hydraulic system, the question of 
the formation and the depe of stability of silicone emulsions arose. 

. 
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The lubricfty of an emulsion is known to be less than a homogeneous 
. A fluid because the lubricating fflm is ddscontinucus. Ruu&~ions were 

j 
Prepared fromsubmitted samples and frcma seqle subjectedto 
oxidation at 392O F. Theirstabllitywas determineabynotingthe 
Percentage of water separation after definite intervals of Mme. 
The effect of heat on the stability of certain elisions was deter- 
mined by observation of their behavior when prepared at 34', 77O, 
1400, and 180° F. Rmulsions formed readdly but fn most instances 
were oonsidered rather unstable and heat tended to render them less 
stable. The oxklized fluid formed a more stable emulsion. 

Representative silioone fluids were blvsetigated and were found 

to have less tendenoy to foam-than standard Petroleum-base hydraulic 
fluids. The need for an antifoam agent would therefore be unlikely ' 
if sflicone fluids were to be used as hydrauldo fluids. 

PumPSystem Tests 

Because same of the chemical, physical, and inflbilitg 
investigations (reference 8) had indicated that several samflea of 
silicone fluids containedvolatile material of an inflammable nature, 
special eamPle8, stripped of low-boiling-Point constituents and with 
viscosities of 25 to 30 centfstokes at 210° F, were obtadned for 
study of theti Performance charaoteristics as hydraulic fluids (ref- 
erence 20). The fluids were investigated in systems in whfch the 
Pesco U-349-N gear ptzmp and the Bickers model RF-27X5-10 constant- 
delivery aircraft piston hump were used. These smeU-size high- 
pressure pumps were considered a very useful s~sns of determining 
the lubrication characteristics of the silicone fluids because nearly 
every type of wear would be represented, parbicularly in the Viakers 
pump* 

The Pesco gear Pump was equipped with nitrided gears running in 
high-lead bronze bushings. In table Iv are presented the results of 
several runs conducted at the RavsJ Researoh Laboratory on a dimethyl- 
silicone-polymer fluid and an AN-W-0-366b flufd using the system 
equippedwiththe gearpump. These results showthat 

(1) Theweightlosses oftbe gears andthe brcnzebushingswere 
less with the silicone fluid than tith the Petroleum-base oil. A 
deposft of silicone resin on the bushings was believed to be respon- 
sfble for the low wear, the resin act% as a protective ooating. 
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(2) The ohange in visoosity using the silicone polymers was 
mob less than when using the N-W-O-366b fluid. Little shear 
breakdown occurred with the sflioones. 

(3) Inspeotions of the systemindicatedthatsome gel had 
oolleoted an the filter. In Yun P-25, the presence of 6el was very 
pronounced. Serious clogging ofths filter oocurredafter 500 hcxrs 
of operation at140°F and a pressure of1500 pounds per squarel 
inoh; the Purolator- or the Skinner-type filter without a bag was 
used. By simple vlsuale~~tionofafluidthat~runfor 
100 hours; the gel was difficult to detect but could be seen by 
mioroscopfo inspection. 

When the Pesoo gear pump was fitted with cast-iron bushings, 
repeated failures occmrred even at a pressure as low as 600 pounds 
per square inuh at a temperature of 180° F. Considerable gel had 
formed and the fluid was blaokbecause of suspended finely divided 
irOn. The mast-iron bushingswerebadlyworn. 

Th3.s contrast in wear characteristius of steel-to-bronze and 
steel-to-cast-iron, when lubricated by silicvx~ fluids, led to an 
extensive study of the behavior of these fluids with 156 combinations 
of metals and alloys by means of a slider and a plate (reference 20). 
Comparison was.also made of the lubrication characteristics of a 
petroleum-base oil N.S. 1047 with these metal. combinations. At 
least 81 satisfactory bearing-metal combinations were found that 
could be lubricated by means of the silicone fluid. 

On the tests with the Tickers piston pump, failure due to the 
inadequate lubrication of the steel knuckles in the universal joint 
ofthe drive shaft oocurredontworuns. At a pressure of 1500 pounds 
per square inch and at temperatures of 140° and lCO" F, failure 
ccoumdat 65 and 60 hams, respeotively. The fluid oontafned sus- 
pended paYcticles of iron. When bronze knuckles were substituted for 
the steel type, however, the pump performed satisfaotorily for 
650 hours'at a pressure of 1500 pounds per square inch and atemper- 
ature of 180° F. 

Studies on the behavior of dimthyl-silicone-polymer fluids 
(references 22 and.23) and poly(methy1, phenyl) silicone polymer 
(reference 23) in the lubrication of unilaterally loaded Journal 
bearings have been made. The results show that lubrication of 
commanbearingmetels, other than steel-to-steel or steel-to-cast- 
iron, my be suooessfuJly accmplished with these fluids. The 
protective silicone resfa coating, formed by a slow break-in or 
stabilization of the bearing in the fluid for a 1~ time at 300° F 
or above, materially aida in the lubrication prouess. 

i.2 zi 

. 
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Two difficulties due to cmcteristics of liquid silicones 
were encountered fn the pump systems (referemes 9 and 20): the 
tendency of the fluid to leak at joints in the connections and the 
tendency to extract plasticizer frcm~t&,packfn~s, which caused the 
O-rings to shrink, beccmte brittle, and permit leskeSe. These dif- 
ficulties were overccsae by using the silicone fluid under test as a 
plasticizer in O-rings made of synthetic rubber containing graphite: 
A special cmnt webs obtained from oamercial source sandwasused. 
as a pipe-threadsealingccanpatnd, thus makingtheuse of these 
fluids feasible without undue leakage. 

Another satfsfactory cozmnercial packing for s5lfcones has been 
developed, as noted in unmblished data from the General Electric 
CompEmy- 

Advantages andDisadvantages 

Polymethyl and poly(methy1, phenyl) silcxanes of suitable 
viscosd.ty for use as less-inflammable bydreaalfc fluids show less 
change of viscosity with change in temperature than do other liquids 
such as the petroleum-base fluids. The silicones are distinctly 
less inflzzmuable, are not readily oxidized, and are not par6icularly 
corrosive. Several available inhibitors of corrosion have been 
fauna. Lfttle tendency to form permane nt emulsions with water has 
been exhibited by silicones unless they are oxidized. 

Disadvantages'shovin in afrcraft hydraulic systems have resulted 
from a lack of lubricity of these silicones for scmie metsl combi- 
nations, notably steel-to-steel or steel-to-cast-iron although many 
other pairs were faund satisfactory. The silicones tended to leak 
at the pipe joints because of low surface tension of the fluid and 
to extract the plasticizer from 0-rings. Means of overccrmingthese 
dffficulties have been reported by the Naval Research Laboratory 
(references 9 and 20). 

Ralogenated esters such as phosphates, dicarboxylates, or 
carbonates added to silicones might form sudteble solutions or even 
copolymers, thus decreasIngthe infmbility. Certainhalogenated 
hydrocsrbons when mixed with silicones mfght form a useful less- 
inflammable fluid. 

ESTER-BASEEUIIDS r 

. 

Several ester types have been investigated as possible 3mportant 
base constituents for less-infmble hydraulic fluids. Of chief 
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interest were those members of each type that had sufficiently high 
boiling points to be less volatile than the hydrocarbon or other 
oomponents of the petroleum-base hydraulic fluid meeting the 
Am-W-0-366b specifioation. Ester types investigated were phosphates, 
borates, carbonates, and dicarboxylates (references 7, 11, 14, and 
24 to 27). 

-The open-cup fire point of the several classes of esters 
investigated is shown in the follawfng table of ccmpounds, each hav- 
ing a visooaity of 4.0 oentistokes at 100° F. The data presented 
are taken from reference 16 fram plots of viecosity as a function of 
boiling point and as a function of fire point. 

Ester type Boiling point at 760 mm Open-cup fire point 
PO VW 

Naphthenic hydrocarbons 536 
Alkylcarbonates< 599 
Alkyl borate6 614 
Alkyl dfoarboxylates 622 
Alkyl phosphates 636 

290 
318 
290 (decomposed) 
330 
420 

Thus, the alkyl phosphates apparently offer the greatest pramise 
of the four ester types in respeot to their degree of inflammability 
as determined by the open-oup fire-point method. Furthermore, refer- 
ence 16 indioates that phosphates of the several classes of esters 
have the highest fire point for a given boiling point. 

Phosphate Esters 

A number of phosphate esters were investigated by the Air 
Materiel Command (references 16 and 25) and included the following 
types : 

Tri-E-butyl phosphate Tri-g-o&y1 phosphate 
Tri-n-smyl phosphate Tri-2-ethylhexyl phosphate 
TriGZ-ethylbutyl phosphate Trimethoxyethyl phosphate 
Tri-;-hexyl phosphate Tributoxyethyl phosphate 

Data presented in reference 16 concerning the flash points of 
these esters Indicate most of the values to be twioe as high as the 
2oO" F minimum required-of a petroleum-base fluid. Tri-2-ethylhexyl 
phosphate and tributoxyethyl phosphate, however, possess the disad- 
vantage of viscosities greater than 500 centistokes at -40° F 
(referenoe 16). 

. 
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The Naval Research Laboratory (reference 7) inveetigded the 
chsracteristice of a group of phosphate esters, subjecting them to 
the following inflazamabilityteets: flashandfire points, 
autogenous-ignition temperature, and oxygen demand. The phosphorne 
esters investdgated by this research group included: 

Trimethyl phosphate Dfphenyl mono(p-tert-butylphenyl) phosphate 
Tributyl phosphate Di-(o-chlorophenophenyl phosphate 
Trloctyl phosphate Tetrabutyl pyrophosphate 
Tricresyl phosphate Hersmethyl tetraphosphate 

Dioctylphenyl phosphonate 

Puret~thyla-nd~rioresylph~~te andhexszethyltetraphosphate 
showed somewhat favorable infmbility characteristics. 

Chemical and physical tests. - Considerable testing at the 
request of the A&r Materiel Cammand, psrticularIly of the tri+--butyl 
and tri-G-ml esters indivMually or as components of lees- 
inflammable hydraulfo fluids, has beencompleted (references16and 
25). In some cases, di-(2-ethylhexyl) eebacate was Wuded in 
blends as an anti-tack compcnent. Important results frrxn ccmpositions 
in which these substances were employed will therefore receive peat- 
eat attention in the subsequent discussion. 

. 

The solubilfty of water in the eaters or vice versa presented 
difficulty psrticularly in the case of phosphates of low molecular 
weight. Trimethyl, triethyl, snd trzImethcxzyethy1 phosphates are 
miscible or very soluble in water at m ixmperatu?x, Prolonged 
exposure to water may even lead to ocmsiderable hy&olpis of esters 
oflowmolecularweight. FYxxnexperdmentaldetezxninatMns,water 
was found to dissolve in a mrniber of phosphate esters at 7-O F. 
(reference 16) as fol&rws: 

Phosphate Percent by weight of water dissolved 
Tri-g-butyl 6.5 
Tri-n-amyl 4.0 
Tri-E-he-1 2.8 
Tri-~-o&y1 1.2 
Trimethoxyethyl Soluble 
Tributoxyethyl 6.9 

. In order to prevent the fozmation of ice at AC0 F when tri-g- 
butyl phosphate W&E to be a component of the fluid, it was found 
advisable to include another member of this class, for exemple, 

. 30 percent by weight of tri-=-helcyl phosphate or a aibaeic-ester 
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type, such aa 20 percent by weight of dI-(2-ethylhexyl) aebaoate. A 
oalculated mount of Acryloid 855 (eater polymer ccamnonly used aa a 
viscosity-index improver) was then added. These ocaqonenta were 
miscible with each other at o~~Iirmry and low temperatuma. 

Another property studied for sample fluida ~88 tackiness. 
Result8 were observed for teats conducted aocording to the procedures 
of specifioationa AN-W-0-366b or O.S. 2943 (superseded by 51-F-21). 
This chazacteriatic was attained in the desired amount when tri-n- 
hexyl phosphate or di-(2-ethylhexyl) aebacate esters were incorp&ted 
in the fluids. Tri-E-butyl phosphate in 12 percent by weight of 
Acryloid 855 did not pass the AN-W-0-366b requiremnte for this 
prOl=J+Y l 

Fluids formulated with the phosphate eaters have shown consider- 
able oxidation stability when subjected to procedures of the 
AN-W-0-366b or O.S. 2943 specifications. Additional stability hea 
been noted for one flufd after the addition of an amine type of 
oxidation inhibitor (references 16 end 25). Even 0.2 percent by 
weight of Methyl Hi (an oxidation-corrosion inhibitor) in the blend 
designated PRL 2476 (a hydraulic fluid composed of 12.2 percent by 
weight of Acryloid 855, 17.6 percent by weight of di-(2-ethylhexyl) 
sebacate, and 70.2 percent by weI.ght of tri-g-butyl phosphate) 
oauaed 8cme improvement in neutralization mu&er and also in the 
amount of oopper lost when this blend was eubjected. to the OS. 2943 
oxidation and corroelcm teat. 

Bydmulic fluida formulated with high emmnta of phosphate 
eatere tend to swell the rubber paokinga uaed in the hydraulic 
ayatem. Reaulta reported in reference 16 indicate that the alkyl 
types of high mo1qula.r weight, euch aa tri-;-hexyl, tri-2-ethyLhexy1, 
and tri-E-octyl phos@atea, caused leas swelling of a butadiene- 
acrylonitrile rubber then did the lower-moleoular-weight tri-E-butyl 
phosphate. Sulfide rubbers aqe much less affected by awelling than 
the butadiene-acrylonitrile mbber. Research ia being conducted by 
induatr2al groups to find aultable materiala for packinga and gaskets. 

Pump-6ys-t~ tests. - Blend PRL 2476 (referenqe 25) wa8 tested 
primarily for wear by mana of a hydraulic system that included a 
Peace 349 gem pump and a Vickera Model C-1674 relief valve. Runs 
162 and 165 in table V were made acoording to the procedure in the 
O.S. 2943 specification, which requlred. a pump apeed of 3600 rp. 



RACAlWE50nS 25 

Inapectionofthe resulta, after couaideringthatno 
oxidation inhibitor w&a present in PRL 2476, leada to the follow- 
ing obaervatione: 

(1) The wear ahcmn, utilizing the 0 .S, 2943 or 0 .S. Ill3 
(superseded by 51-F-23) procedure, was greater than that for a 
hydrocarbon-base fluid. The steel gears appeared to undergo the 
greatest ILose. Ip run 163, coailitiona of pressure and temperature 
were made more severe than required by the specifioationa and 
resulted in excessive weax in the steel gem and norm& wear for 
thebronzetype. 

(2) I?eutralization numbers were higher than noz&aUy encoun- 
tered with hydrocarbon-base fluids, a result attributed to the 
absence of any ox&I&ion inhibitor. Eeaulta of run 163 would 
indicate thatathighertemperatum andpreaaum greater oxidation 
tooJs place. 

Borate Eaters 

This class of cmqnmd.~ hae been considered as a oonatituent 
of leaa-inflammable hydraulic fluids (referenoea 16 and 25). TWO 
alkyl twa, trioapryl and tri-2-ethylhexyl boratea, were prepared 
f'romtrimethyl borate by an elcoholyaia reaction and, their proper- 
ties significant to the problem were investdgated (refereme 25). 

Presentreeearchresultaindi~~that-pert~~torganio 
berates decmpoee as their temperatum ia being raised -km&a the 
boiling point unless reduced pressure is maintained. This bekmviar 
is believed to account for the fact that the fire point for alkyl 
borates, given Ln the first table of this section, was lower than 
might otherwise be ewoted. 

Ease of hydrolysis of the boratea may present a problem. The 
two alkyl boratea previmaly mntioned were at leaat 90-percent 
hydrolyzed without a oatalyat within 45 minutes. The addition of 
15 percent by weight of Acryloid 855 to these boratea permitted 
only slightly leas hydrolyaI.8 of these eaters. Borate8 prepared 
by using neopentyl alcohol. or 2,4atbyl-3-pentanol, fn which 
branching OGCUTB near the eater linkage, h@roIyzed quite slowly, 
if at all; unfarhznately, the melt&g points of these two eatera 
were found to be quite high (reference 25). 

Until organic boratea stable to heat and miature and with auit- 
able phy~iaal properties can be produoed, this type of eater oan be 
given only aeco&I.ary consideration. 
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Carbonate Eaters 
. 

Research on several carbonic acid eaters has been reported. 
The Naval ReaearchLabomtory (reference 7) has expressedan 
interest in diethylene glycol bis(E-butyl carbonate) and diethylene 
glyool bia(2%-buto~thyl carbonate). These two eatera had an 
exceptionally high oxygen demand of 85 pement although results of 
flash, fire, and autogenous-ignition-temperature teats disagreed 
with this value. 

Other investigators (reference 16) have aleo shown conaider- 
able interest in this type of cmpound as a base stock for a less- 
inf'lmmable hydraulic fluid. Properties of carbonate eaters 
indioate different degrees of usefulness of the amples examined 
for application in this particular field. A concise acccunt of the 
results reported in reference 16 will be presented. 

Eaters of this olaas were obtained or made by utilizing the 
following aluohola: 

Alcohols in dialkyl and dicyoloalkyl types 

Ethanol 
n-Butanol 
K-Pentanol 
Z-Eexanol 
;T-oct&no1 
~yclopentenol 

Alcohols in cyclio.carbonates 

1,2-Propanediol 
2,3-Butanediol 
2,3-Pentanediol 
E-Methyl-2,4-pentanediol 

Mixed alcohols in dicarbonates 

z-Butanol, diethylene glycol 
c-Butoxyethmol, diethylene glycol 
Phenol, diethyletie glycol 

Several distinctive properties of these ccmpounda end experi- 
rental fluids should be emphasized. Carbonate eaters with a kine- 
matic viscosity of 4 centiatokes at 100° F were shown to have higher 
boiling points and higher fire pofnta than petroleum fractions of 
the same viscosity (reference 16). 
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Another q,uality in which carbonates show superiority along 
. with the trialkyl phosphate type is in the viscosity-temperature 

-I relation. v Only the dialkyl and monocyclio cazbmtea of low 
P molecular weight show Leas-satisfactory values of A.S.T.M. slope 

for the renge of 210° to -40° F then does a petroleum fraction 
found Ina petroleum-base wit fluid. 

Anundesirable propertyfoundformoatcarbonate esters, with 
the exception of the dicarbonstetype, was the extent of hydrolysis. 
For the dicarbonate type, the amount of hy&oI.ysia observed was 
leas than 0.5 percent by weight at the end of 46 hcmra. The rauge 
for the d.ialkyl and cyclic cazbonatea was 21to 63 percent. This 
tendency of carbonate e&&a to hydrolyze while in service might 
change viscosity, volatility, freezing point, oxidation rate, and 
other characteriatica of the fluid. 

Another poperty of the carbonates investigated was the effect 
on butadiene-acrylonitrile rubbers A and C, Di-n-amyl and di-g-octyl 
carbonates, butosyethyl diglycol carbonate, and g-butylene-2- 
oarbonate caused greater rubber awelling than the 6 percent permitted 
by the AN-W-C-366b apecifioation; the di-~-o&y-l derivative showed 
the most premise (reference 16). Tke opipion has been expressed that 
the dialkyl-type carbonates of higher molecular weight might give the 

.leaatmbber swelling although greater InflammabiUtywould result. 

A suitable polyaker that would iqrove the viacoaity properties 
of possible blenda containing carbonate esters is needed. At least 
two carbcmte eaters, the di-n-Sexglmdthe di-=-octylcarbonatea, 
have viscosities that suggest their poeaible use in less-inflamable 
hy7baulic fluiaa . Acryloid 658 was found to be only pa&ly aatis- 
factory as the polymer in blends that contained either of these 
esters. At -25O F, the fluid containing di-@exyl carbonate gave 
a cloudy solution and the one containing di-g-octyl carbonate froze. 

Dicarboxylate Eatera 

The inveatigatim~of the suitability of ttia class of maqound, 
particm.lasly the aliphatio types, as ccmponenta of less-inflamma..le 
hydraulic fluids ia reported in referenoea 7, 16, 24, 26, and 27. 
This particular type of ester h&a received some attention not &y 
aa a secondary but also a.8 a principal constituent. 

. Inflammability teats. - At present, data on inflatability for 
numerous examples of this type of ester (references 24 and 26) indicate 
that a number of &dip&es, glutaxatea, azeletes, a&. eebacatea that are 
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eaterified with branched-oh&n alcohols show higher values than 
O.S. 2943 hydraulic3 fluids for flash and fire points and autogenaus- 
ignitiontemperaturea. In oontraat, the vakes found for these 
dieaters when tested for inflannuability by the oxygen-demand method 
offered only slight improvement over petroleum*baae hydraulic fluids, 
auoh as Am-W-0-366b or 0,s. 2943 Q-pea (reference 7). 

Fire-point data reported in reference 16 were similar to data 
of the Naval Research Laboratory (referenae 26) for corresponding 
esters tested for example, 
(2-ethylhexylj sebacate. 

ai-(2-ethylhexyi) adipate and ai- 
Some improvement of the inflaxauability 

oharacteriatioa of a hy&aulio fluid appears possible through the 
use of suah dicarboxylio esters. 

Chemical and physical teeta. - Many of these diestera actually 
show a much better viscosity-temperature relation than do the 
petroleum fractiona utilized in petroleum-base hydreulic fluids 
(references 24 and 26). This characteristic is insufficiently pro- 
nounoed to eliminate the use of a suitable polymer in hydraulic- 
fluid formulations. Sane dicerboxylio esters with viscosities of 3 to 
13 centistokes at 100° F and an A.S.T.M. slope of 0.7 to 0.8 might 
prove auitable for use (refereme 24). 

The hydrolytio stability of the dicerboxylio acids eaterified 
with branohed-oh&in alcohols was determined (referenoe 26). Such 
esters appeared quite stable when a lo-gram sample was boiled with 
50 milliliters of water for 24 Acura. 

. The oxidation oharacteristios of a number of dioarboxylio acida 
esterified with branohed-ohain elcohola were detetined (references 24 
and 27). Inboth investigationa, inhibitors were found neceeaary 
to reauce the oxidation to acoeptable amcunta. 

The extent of rubber swelling caused by the dicarboxylic aoid 
eaters is reported in referewe 24. The butadiene-acrylonitrile 
rubber C was employed with diesters having molecular weights of 
230 to 426, Higher swelling values for this rubber were observed 
with these dicarbboqrlio acid eaters than were noted with the 
AN-W-C-366b speoification fluid. 

Attention should be drawn to the fact that two investigators 
(references 24 and 27) have suggested this type of eater aa a 
poaaible main constituent of a less-inflammable fluid. The examples 
mentioned in reference 27 are di-(3-methylbutyl) adipate and. azehk; 
the example mentioned in reference 24 is di-(2-ethylhexyl) aebacate. 

. 
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AdVan%geS and. Disadmmtages 

Of the four types of eater discussed, the phosphates seem to 
Qoaaeaa a lesser degree of inflammbility than do the dicarbmylatea, 
bozxtea, and ordinary oazbonates investigated thus far. 

Results of conaider&ble research indioate that fomulaticms 
having adequate viaco8ity propertiee, partioularly at low tempera- 
tures, axe more readily obtained frm phosphate esters (for example, 
tri-;-butyl, trio-hexyl, tri-e-ethylhexyl, and tri-=-c&y1 phoa- 
phatea) than frm the other types of eater. 

The u8ual phosphate eaters do not appear to be aa subject to 
hydroly818 as the other ester types, especially borate8 and uarbonatea. 
Iuatability at elevated temperatures has been shoun by the boratea 
even without any added moisture being present. 

Pump-system tests with a Pesoo 349 gear pump on a phosphate- 
blend showed wear aud the need for an oxidation inhibitor for this 
tm of leas-inflammble fluid. Eater fluida must be properly 
inhibitedagainstoomoaionas well as oxidation. Attmk onrubber 
paokinga by phoaphatea, oarbonatea, and dicarbcxylates is greater 
thanfora 8tauda.M petroleum-base hydraulio fluid. 

. 

As a possible meaus of decreasing the inflamability of the 
several classes of esters, the fomxaW.cm of halogenated derivatives 
is reportedly in process and may be ultimately successful. The use 
of a leas-inflamma.ble diluent with suitably halogenated esters and 
their derivatives representa still another p8Bibility. Finally, a 
less-inflmmable viaoosity-index improver might be found that would 
aid in-the achievement of decreased inflamm bilitg far the eater- 
type hydJmllic fluida. 

The ccmpounda ohieflyoonaideredarethose expectedto perform 
a snuffer function, Asnuffer oonstituent is anoninflammable 
substance witha smewhathighervapor l?reasux=e thanthe &her ocm- 
ponenta of the hydraulic fluid; when the fluid is exposed. to an 
ignition s-e, acme of the snuffer is vaporized and then blankets 
the remainder, thus excluding air aud preventing ocmbtzation (refer- 
ence 28). Actually, the water of the water-base fluida wobably 
functiona in part as a snuffer constituent. 
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Cbloro, fluoro, and ohlorofluoro organio substances have 
received the greatest attention aa helogenated snuffer constituents 
(references 28 and 29). Few such ocmpounda knawn to possess the 
required properties for use as leas-inflamma,ble hgdraulic-fluid 
ocmponenta are a8 yet avatlable on a commercial basis, As a result, 
a oonaiderable mount of research is being done to find the moat 
favorable classes and at3xxturea among halogenated compounds for 
this purpose. This research may eventually lead to discovery of 
suitable ccsnponents for an acceptable noninflammable fluid. 

The interest of various labo~tories in completely halogenated 
compounds as a means of attaining noninflanaaable rather than leas- 
inflammable hydraulic fluids is of speoial note. A recent report 
(reference 11) offers suggestions in regard to theoretical properties 
and practical poaaibiJitiea .in this field.. An~nte?W3ng discuaaion 
of pertinent properties of-acme fJ.uorinated,o~pounda is presented. 
In order to improve vIacoaity charaoteristica of a fully fluorinated 
oompound, the auggeation is made that each molecule have trifluoro- 
methyl aide chains; Compounda suggested for oonaideration are polymera 
of perfluoropropylene or perfluorobutylene, substances such aa 
perfluorobutylene.ether and thioether, and perfluorinated dibutyl- 
methylamine and dilaurylmethylemine. 

According to unpublished information and references 11, 27, 
and 29, members of the following general types of halogenated aub- 
stance have been or are being considered for their suitability as 
snuffer ccmponenta: 

Perchloro types 

Straight-chain saturated aliphatica 
Straight-chain olefina 
Straight-c'fiain diolefina 

Perfluoro types 

Straight-chain saturated aliphatioa 
Polymers of olefina 
AJkyl cyolohexanea 
Alkylnaphthalanes 
Fused-ring arcaxxtica 
Fused-ring alicyclio compounds 
Kerosene 
SAE 10 oil 
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Chlorofluorotypea 

31 

Straight-chain saturated aliphatica 
Straight-chain olefina 
Polymers of straight-chain olefim 
ChlOrO-(perflUOrO&Lkyl) benzene8 
ChlorofluorOalkyl benzene8 
Chloro-(chlorofluoroalkyl) benzenea 
Chlorofluoro-(perfluoroallrgl)benzenes 
ChlorofluoroeJkyl phenyl ether 
Chlorofluorocyclohexenea 
Chlorofluorocyclohexylgls, di and tricyolohexyls 

P&ly,fluorinated typea 

Mono-(fluoroelkyl) glycol ether 
Di-(fluomalkyl) glycol ether 
(Perfluoroalkyl) benzenea 
(PerfluoroalkyIL) phenyl -01 
Alkyl-(perfluoroalkyl) phenyl ether 
Perfluoroalkyl-(perfLmmalky1) phenol ether 
(PerfluomaJky1) benzoate 
Dieater of parfluomaliphatic dioa.rb~lf~ aaid8 

Miscellaneous types 

Dicerboxy derivatfve of polychltimted bfcyclohydrOcarbon8 
Partlyflum%mtedalkyloraJkyl8,ryl phosphate 
Tetra (fluoroa&yl) silicate 
FluoriaatedalkylailIcones 
Chloroflumo triazine 
Brcmo-(perfluoro) benzene 
Brczmchloro-(perfluoro) benzene 

Saane ofthesemembera of the numerous types of halogenated 
organic che&cal, ohiefly the polymers and the perfluoro compounda, 
may possibly find apglioation as constituents of a non%nflammble 
hydraulic flu*d. 

Requirements of RaJogenated Snuffere 

A aatiafaotory snuffer should possess the following properties: 

(1) Adequate solubility in mineral oil or other selected base 
a-to&k over range of temperature to which it may be exposed 
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(2) Boiling point high enough (above approximately 4oO" F) to 
prevent serious evaporation losses but low enough to allow . snuffer action 

(3) Reaistanoe to hydrolysis and oxidation and the resulting 
formation of aoiaic materiala that may oorrode metals 

(4) Ability to lubricate and not o&use undue wear of pumps 

(5) Should not cause excessive swelling or 8brinkage of 
hydraulic-~y~tem packings 

(6) Snuffer and its thermal-decomposition produots should not 
be too toxic 

Based on results of inveatigationa thus far, a number of chlaro 
and ohlorofluoro ccsnpounds have shown more prcaniae in the fulfill- 
ment of most of these requirements than the known types of fluori- 
nated substance, particularly the fluorooarbona. For example, the 
fluorocarbons generally show inadequate solubility in the hydro- 
carbons found in mineral-oil fractiona that are used in petroleum- 
base hydraulic fluids; research-of a fundamental nature on aolubil- 
itiea of fluorocarbons is being conducted and has been reported in 
referenoea 30 and 3l. Furthermore, flu0 rooerbona exhibit great 
changes in viecosity with-ohange in temperature (references 29 and 
32), a diffioultytbat possibly may be overcome by eeleution of 
compounda of a suitable type. At present, the cost of ocmunercially 
available chlorofluoro and fluoro ccmpounda is very high. 

Formulations of Snuffer-Containing Fluids 

Leas-inflammable hydraulic fluids formulated with snuffer con- 
stituents have been investigated by various organizationa (refer- 
ences 28 and 29). Alargenumber of the halogenated oompounda 
considered in one of these investigationa has been supplied through 
the Purdue Research Foundation (reference 33). The research 
authorized by the military services on the utilization of compounda 
as snuffers has been performed in the Petroleum Refining Laboratory 
at the Pennayl,vania State College and. in the experimental lab- 
oratories of the Air Materiel Coxanand it Wright-Patterson Air Force 
Base, hereinafter denoted as PRL and AI%, reapectiveiy. 

PrelJ_minary testing - The nature of the snuffer-containing 
fluida developed at PRL Aa governed by the infla&bility limits 
set up by the SAE AMS 3l5OA specification and performance require- 
ments of the AN-O-366 apecifioation. The snuffera selected for the 
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fluids were: hexs,chILarobutadIene, chlorobfs(trifluormethy1) 
benzene, dichlorobis(trifluorcmethy1) benzene, and Fluorolube . 
ForeShot. Onlyhexad.tlorobutadlenewaa cmqarativelyrerte~ble 
in price and sufficiently avaiLable for thmough examination, whIoh 
included a Pesco gear-pump test of one formulation that ooutaiued 
thfs titerfal. 

The one objectionable prey of hexacM.mobutadIene ti ita 
freezing potit of -7O F (-22O C). Eszlg -bility tests indi- 
catedfbataminlmum of 50 percentbywefght of thfs srmfferwas 
required fordesirableresults. Formulations cont&.nlng at least 
this smuntofthe chlorinated ompoundwere investigated. Despite 
the high freezing point of this smffer, some fluids exhibited 
reasonable perfqxmmoe cm the low-temperature stabiJ+ty test. This 
behavior is explained as being due to 9 super-cooled-liquid effect 
ofhexachlorobutadiene. 

The selection of these ccm.~poimds wss based on bofling points, 
aolubilitfes in Probable constituents of the finished fluid, rubber- 
SWait3g ChaI'XoteriStiCS, foaming tendencies, known toxioitiee, and 
west properties as determined by meana of the Shell Four-Ball we&r 
Tester (referenue 29). Compositfon and properties of 8me of the 
%mn'ulations examined by PFZ EUX given in table VI. 

During the fnveatigaticm oonducted by AMC (reference 28), six 
Less-inflammable snuffer-cmntain~ hydraulfc fl.xLds were formulated 
apd tested. Eaohfluld contains Fluorolube ForeShot (lfghtends 
of polymerizedtriflumovWyl ohlczide) inanappreciable smouutas 
wellas anedditfonal snufferccsngmentthatie as yetccmmem~y 
unavailable; these fonmxlations are at present qnite expensive. The 
ccanpositions axe Presented in t&Isle VIS. 

The develorplpent of these six farPlulatim.s was preceded by sn 
investfgation of a lllmiber of halogenated compounds considered as 
possible cmponenta of less-i nflemmble hydmxlio fluids. Table VI31 
shows the properties of a number of snuffer-type Ira3ogenated corn- 
Pounds* Additiciml xmqpmds ofthistgpethatwereconsldered 
(reference26) are: (l-diflumo-2-difluoroeluoroethgl) ethylene &ml, 
di-(l-difluoro-2~ifluoroethyl) ethylene glycol, Fluorolube (polymerized 
trifluorovinyl chloride), B'luorolube Fore Shot, trifluormethyl 
benzene, ~rfluoro~~fmet~l~~lo~e,perfluoroheptane, fluorrf- 
nated SAE 10 oil, a&two polymers oftrifluorochlmoethylene. only 

'the Fluorolube Fore Shot, pretic~zsly mentioned, was selected frcmthe 
last@xlp. 
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A number of tests to seleot the most suitable ccqmznds to 
be used as snuffers in the less-inflama ble hydraulSo fltids were 
reported in addition to the information presented in table VIII. 
Abriefr&m&ofthe more importantresults ofthe preliminary 
examina.tion f ollm : 

(1) The extent of hydrolysis of possible snuffers did not 
seem very serfous. The 3 3-difluorotetraohloropropene and the 
chloro-l-(trifluo t~lj-4-(chlarotet~luot~l)beu~ene 
appeared slightly unstable; .Jn both cases, the aotive halogen may 
have been due to an impurity. 

(2) swellin@; of st&ndard rubber packings F, H, and K by a 
number of the ohlorofluoro compounds investigated so far was greater 
than that oaxsed by either the high- m low-reference fluids. Fluo- 
rolube Fore Shot and perfluormethylna~hthalene caused a smaller 
amount of swelling of the paoldngs. 

This rubber-swelling characteristic of halogenated snuffer 
cqounds presents a problem that mny investigakors believe lnay 
require the uBe of speoialgackings inthe hy&raulio system. 

(3) Solubility of the fluorochloro types of organic oompoundc 
in the Acryloid viscosfty-index improvers, such as HF-855 and 
scale CamIon solvents including specifiuation m-O-366 hydraulic 
fluid, was rmch better than for the fluorocarbons. 

(4) Flash points, fire points, and visooeities of favor- 
able ccmponents and mtrtures of these components were detmmined~ 

The results of these tests led to a selection of Fluorolube 
Fore Shot, tetraohlmotetrafluoopropme, chlorobis(trifluoro- 
methyl)benzene, dichloro-(trifluorcthyl)benzene, dichlordbis 
(trifluorcxethyl)benzene, 3,3-difluorotetmchloropropxe, and 
ohloro-l-(trifluormethyl)-4-(chlorotetraf'luoroethyl)benzene as 
snuffers for the six less-inflammable formulations. 

Inflammability tests. - In the PRL investigation (reference 29)) 
inflmbflity tests were limited to hexachlorobutadiene-contaiting 
snuffer-type fluids because of insufficient supplies of other 
snuffers invewtigated. The results of these inflammebility test8 
on several formulations are prese&d in table IX. BothLO 2738 
and ~02739 appear to be essentially no more Flammable than HS-1 
(the fluid designed to function as a standard. for suoh tests) and 
muoh less i nflmmable than the pewem-base fluid AN-W-O-366b. 
None of th& test samples, of course, showed the reduced inflamma- 
bility of hexacblarobutadiene. 
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The ccmposftfons of the six less-imflsmmble fommlations 
tested by AMC (reference 28) are -sented in ttible VIl. Each 
fluldcontaI.ns a PpKudmately 51 percent by weight of the petroleum- 

t; 
base stockade up of 80 peroentbyvolme ofXCTWhite Oil and 

8 
20 percent by volume of Voltesso 36. AcryloId. BF-855 is the 
viscosity-index immver and Parsnox 441 is the oxM&fm-mmrosion 
inhibitor. The last blend contained slightly more than hslf the 
mount of Fluorolube ForeShot present fnthe others. The remainder 
of each bled is made up of one of the other snuffers selected. 

Inflammability tests of these blends, In accordmoe with the 
SAL?, AMS 31508 speoificstion (table X), indicated a high degree of 
fire resistanue . The only evidence of any tendency to burn was 
observed in the high-tem~ture ignltfon test. Such results were 
cmqarable to those obtafned by PI& (reference 29). 

ChemLca3.andphysic~tests. - The composition, the viscosity, 
and the pour potits of a mmber of experimzntal less-Wflsmnable 
fluids contai&nga cKmmon tiscosIty-index ,$ql?mver, the light 
hydrocarbm fractions of petioleum-base fluids and one br more 
of the four snuffers chosen for the investigation ere given in 
table VI. Although fozmulatims contaInfng Fluorolube Fore Shot 
received considerable attention, other blends showed better ohsrac- 
teristics. Blends PRL 2743, 2744, 2745, and 2746, of whioh Fluoro- 
lube Fore Shot w&s a oonstftuent, exhibfted unsatisfactory low- 
temperature properties that would exclude their seleotion by the 
UnitedStates AirForce. DisregsrdIngthe cost factor, ev~comaer- 
cid. air-transport ucmpanlef3 might be reluctant to use the two 
better fommlations oontainsng Flumolube Fore Shot, PBL 2744 aud 
PIIL 2745, because of their tendenoy to cloud near -40° F. 

Sample PKL 2738, one of the four blends oontaining only hexa- 
chlorobutadiene as the snuffer, showed desirable characteristics. 
The forsmlations PBL2737andPRL2810thstcontainthe same snuffer 
in larger smounts are distinctly lese Wflamableandwouldbemre 
expensive. 

Blend PI& 2739 actually employed a smaller percentage by weight 
of hexachlorobutadiene than the other blends of this group. The 
more viscous of the two white oils, Volteaso 36, was replwoea entirely 
by,2-ethylhexyl sebacate, whiuh, because of its high boiling point 
and oxygen oontent, exhibits a slight deorease in inflatability. 
This substituticrn caused an fnoressed viscosity for blend PRL 2739 
at low temperatures; the value found wss 971 oentlatokes at -40° F. 
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Although this result is too high for requirements of the AN-O-366 
specification, it is well within the limit for the SAE AMS 3150A 
type of less-inflmble hydraulic! fluid, which is 2000 centistokes 
nmxiruum at -40° F. Blends PRL 2738 and PRL 2739 were therefore 
thought suitable types for further evaluation (reference 29). 

In the examination of less-inflsamuable hydraulic fluids (ref- 
erence 29), PRL conducted investigations that sought to establish 
the most applicable.unit for the viscosity of the fluid for hydrau- 
lie systems of &irpkneS. In aooordance with several speoifica- 
tione, viscosities generally have been expressed in kin-tic ter- 
minology. Results of the researoh by PRL have established the fact 
that the viscosity, particularly for a nuMber of low-temperature 
applications of petroleum-base or halogenated hydraulic fluids in 
airoraft, should be expressed in absolute terms, that is, as centi- 
poise units. 

Oxidation and corrosion tests on the selected blends with 
suitable inhibitors were runinaoocManoewithfhe procedure and. 
the teohnique stated. in speoifioation AN-W-O-366c, which was super- 
seded by AN-O-366 (table XIV of reference 29). This method required 
the use of 100 milliliters of test fluid, which was heated for 
168 hours at 250-O F. The catalyst ocanbination consisting of 
2 square inches each of oopper, steel, slminum, magnesium, and 
oadmium-plated steel was placed in the tube with the fluid. Air 
was passed through at lath liters per hour and each large tube 
was fitted with a oondenser to prevent loss of fluid. 

The results of this test on blends PI& 2738 and PRL 2739 when 
known oxidation and corrosion inhibitors were employed are shown 
in table XI. Also inoluded are data for hexachlorobutadiene, 
Fluorolube Fore Shot, and monochlorox$lene hexafluoride (mono- 
chlorobis(trifluorctbyl)benzene). The AN-O-366 requirments for 
this teat are also given in table XI (acoording to this specifica- 
tion, air is passed through the fluid at only 5 liter&r). 

Inspection of the data frcmthe tests.on these oornpounds. and 
blends indioated: 

(1) Oxidation of hexachlorobutadiene was negligible but there 
was considerable corrosion of magnesium and aluminum and slight 
oorrosion of copper. 
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. 
(2) Fluorolube Fore,Shot appeazed very stable to oxidation and 

aaused little oorrosim. 

Li (3) Monochloroxylene hex&fluoride indicated too high a 
'E: ,volatility. 

(4) Ccammn mmemial &dation and oorrosion inhibitors 
emplopd did not adequately regulate these propetiies for blends 
PRL 2738 snd PRL 2739.(n&e table XI, colmms 4 to 17). Copper and 
~siumcorrosionappearedparticularlydifficul.tto control and 
neutraLization-nu&er inmeaae and color oh~nge seemed unusually 
hard to reduce to reasonable values. 

(5) The most favorable conibinatian of inhibitors far PEL 2738 
agaitmtcamosionappe~dtobe Paranax441,Pemnorx: 5l2,and 
mpont metal deactivator. Tetrabutyl tin added to this ombination 
reduced both the neutkLizatim number and color change, as shown 
by column 28. Rmtherresearch onthIs phase of the program~be 
done. 

Beich tee%8 made on the six fomsu1atiom (table VII) investi- 
@ted by AMC (reference 28) indicated that the chief defect of these 
formlations ww the mount of rubber swelling observed (table XII). 
This ohar8.oteri~icwas notdetemedforfour of the fluidB. 

PumYp-ByBtemtestB. - The h@raddc-fluid B~Cif%ELtiCTlB 

described in reference 6 required puap and shear-st8bility performance 
of the less-inflam&ble hydzaulic fluid to be canpaz%ble with or 
superior to anAN-W-O-366 specification hydraulic fluid. AB a 
result, tests were oonducted by PRL (reference 29) on a snuffer- 
containing fluid with 8 Pesco 349 gear pump, loaded by means of a I 
Vi&era m-1 167G relief valve. The tests were oonducted under 
mild and severe oonditiom moording to the following requirements: 

S-peed, (rpm) 

Teaperatuzre, (9) 

T-, b) 
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The tested fluid, PRL 2785, had. the followtng composition: 

Ccaaponent Percent by weight 

Acryloid 855 5.3 

XCT white Oil 4.2 

Voltesso 36 43.1 

Eexachlorobu~fene 46.8 

Paranox44l .4 

Paranox512 .07 

Dupont meteA deaativator .05 

The results of pump tests on this blend and specification 
AH-W-O-366b types, with and tithout l-percent triuresyl phos- 
ph~te, are given in table XIII. Gear-wear values for PHL 2785 
were less than for the speoffication AN-W-O-366-b fluid and 
slightly higher than those for a slmflar fluId oontaining the 
trioresyl phosphate. 

Aoaofiing to reference 29, PRL 2785 would show diffioulty in 
meeting the oxid&tion requirement of specification AN-O-366 in 
respect to change of neutralization number and color. A fbrther 
difficulty might oocur at low tempera.tures if the hexaohloro- 
butadiene crystallized. 

No pump tests were possible at this time on-blends contain- 
ing monochlorobis(trifluorouHkyl)benzene and dichlorobis(tri- ' 
fluoramethyl)benzene. The quantities of these substances on hand 
or obtainable were insufficient for the production of the 
requfred blends. As a result, further research on snuffer-type 
flti& may be expected (reference 29). 

Pump tests of the ati lees- mble fluids (table VII) 
have been delayed I&cause of the limited quantities of snuffers 
available. Lubrication in connection with steel-to-&eel and 
steel-to-bronze IB a matter of considerable interest. Little 
difficulty due to shear breakdown of the fluids is expeoted tith 
these tests beoause of the amount of petroleum-base oil and the 
nature of the viscosity-index improver present in each fluid. 
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Advantages amd.Dimdvantages 
. 

t; 
Theuse of halogenatedccs~pmnds, chloro orchloroflumo in 

8 
nature, a~ snuffer comtituents of less-inflammable hydraulic-fluid 
formulations has been shown both possible and useful. Perfluoro 
ccmpounds tested thus fe..have displayed inadequate solubilitywith 
other probable comtituente of less-iuflamnable fluids. Perflucrro 
~anpounds arealsobeing comideredforuse inuoninflamable 
hydr&ulic fluid8. 

Edogen&.ted cmpcmndsthathavebeenBhowuusefulthus faras 
snuffer oonstituents me: hexacblorobutadiene, cblorobis(trifluoro- 
methyl)benzene, dichloro(trifluoranethyl)benzene, diohlmobis(tri- 
fluoromethyl)benzene, cbloro-l-(trifluoromethyl)-4-(chlorotetra- 
fluoroethyl)benzene, Fluorohbe Fore Shot, tetrachlmotetrafluoro- 
propane, and 3,3~ifluorotetrachloropropene. At least 50 percent by 
weight of the snuffer omponent or cmpouents were deemed ueceesary 
in the fluids. Favomble results have beenobtainedfraaohemiOal 
and physical tats on foJmLll&tions cont&in.ing one ar more of these 
snuffers. 

Principal obstacles encountered by PI& in teste on formulations 
werethelow-temperature properties of home test fluids tithe con- 
trolof oxidationandaorrosiouattack of the twomcstsatisfautmy 
blends. Rubber-Bwelling tendencies of acme pacldngs merit comider- 
ation, as shown by AMC data. 

In additiou to further investigation of halogenated snuffers, 
the developnt of fire-resistant viscosity-index improvers would be 
of cormiderable service in producing a desirable hydraulic fluid. 

Scverd less-iuflmmable fluid+r sze now in ccmmercial produc- 
tion. These fluids contain aqueous solutions of ethylene glycol 
plus suitable additives, phosphate esters, or chloro or chlorofluoro 
snuffer compounds. In addition to Eydrolube U-4, two other ccmuer- 
cielly available fluids are being flight-tested (reference 19). The 
characteristic propertiee of theBe two fluids, RR4 Nonflammable 
Hydraulic Fluid and Skydrol, were presented at a recent annual meet- 
ing of the Society of Automotive Engineers in Detroit (references 34 
and 35). 
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In order to encourage and to accelerate the develomnt of 
less-inflammble h@raulio fluids, the Aircraft Industries Associa- 
tion is eponsoring the evaluation of hydmulio fluids at the Cor- 
nell A@ ronautical Laboratory (reference 36). The fluid, which ia 
submitted by the mmufacturer, is evaluated in acoozdame with the 
SAE APB 3150A specifioation. A report of the results will be sent 
to the manufacturer and satisfactory fluids will be approved by 
the Aimraft Industries Aesooiationandfl?eAirT~~port~sooia- 
Mon. 

Some fluids have not been disoussed, for example, phosphate- 
eater Fluid N (reference ll) and water-base flui&, Hydrolube H-l, 
Hydrolube H-2, a& Fluid 909. The primary objeot of the report was 
not to desoribe all the fcmmlations that have been developed but 
to disouss the ~&mqy olasses of material under investigation. A 
brief tabular summary of typical umponents, relative inflamma- 
bility, and other important properties for the five naain ulasses 
of leas-inflmma ble fluids as ompe,red with the AN-O-366 speoifi- 
cation is provided in table XIV. 

For completely satisfmYiory service in all current airor&, 
acme mdifioaticn of either the present fluids or of present peck- 
inge or metal part6 of hydraulic systems is qrprently necessary. 

The oument status of the developnt of less-inflammable 
hyfkraulic fluids for aircraft my be stmnarized as follows: 

1. BYcan an investigation of glycols and derivatives, least 
inflammbility was shown by certain glycols of low molecular weight 
and by polymric glycols~and. their ethers or estere. Chain branch- 
in6 of the less-inflammable polymeric glycole would give needed 
improvement in pour point-but not in viscosity index. Premising 
fomml&ions have been pepared using polymerio glycol ethers plus 
lees-inflemnable thinners or omstituents such as dicarbcqlates 0111 
phosphate eaters. 

2. Water-base hydraulic fluids containing ethylene glycol and 
vezious additives have had mnsidemble study and testing. Better 
low-temperature characteristics, lees wear in pumps, and decreased 
attack on active metals are emmg the objectives in the continued 
development of thie type of fluid. 
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3. Silicones of mr visaosity have sh- many qualities 
I thatwouldrecomnend.theiruse forleea-inflammable hydraulic 

t; 
fluida but dI.ffioult~es, c&y -partly resolved, have been met in 

m slldlng-frzbtim wear for steel-to-steel and steel-to=caHi-iron 
w surfaces, ~thrinkhgandhardening of O-ringrubberpackimg8, and 

mElintenmce of tight connectLone in hydraulic lines. 

Esters, includingphosphate dioarbqlates borate8 
andc$bonate8 havebeenoonsidered&basem&erial8~ Me.nyoi 
the esters, e8pecQJlyborates aadcaxbonates,were considered 
undesirablebecauset~yreadflyhydrolyze. Ma&& Improvement 
over petroleum-barre fluid8 iniMlam&ilitytests has been&mm 
by soa phosphate esters; however, they caused undue .sweILU.ng of 
rubber pa&in@ usedinpreaentafrcraft llydmaic sy8tema. 

c 
5. lialogenatea org&nic OcpnTxxznds, psrticulerly chloro and 

chlorof3Uxo compamae, have sham pranise a8 snuffer conetit- 
uents of less-infl~ble hydraulic fluids but also have a pm- 
nounced effectonmsentrubber packings. Fluorocarbons have 
received saw attention a.8 possfble base materials but many inves- 
tigehdthus fas~lfquidovertooRmF171atemperaturerange or 
are insufficiently soluble Kith other probable comstituente of 
hydmLL.ic fluids. Brenohing of the molecular structure in oertafn 
fluorocexbans haa been recently suggested a8 a possible means to 
allevia.te these difficulties and improve viscosity oharacteristice. 

Several less-inflmmable hydr&Lic fluids eze now in carmrer- 
old prod~xtion that use the mmz favorable tm8 of materiel 
named, Buch a.8 aqueous soluticma of ethylene glmol plus suitable 
additivee, phosphate ester8 , and obloro or ohlorofluoro 8nuffer 
cmpounas. The interest of catnercialairlines andthe eamed 8erv- 
ices has hastened the testing of the annourmed manufactured fluids. 
Hydrolube U-4, SQdrol, and RR4 Iicmflaarmable Hy&xulic Fluid have 
been or are being flight-tested. Forccm~etely8atiefaotmy aerv- 
ice, acme modification of the fluid8 or of parts of the present 
Qdmulic system still appears necessmy. 

LewU FlightPropulsionLabar8tory, 
National Advierorg C&We for Jierouautios, 

Cleveland, Ohio. 
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TABLE II - FLAAMABILITY OF OLYCOLS AWD AQUEOUS MIXTURES 

@ference 7; table VI, p. 1Sla 

Fluid 
Viaaoeity, Flash PolntaSG;.T. Spray Incendiary 

1% 5: cc%c- ), l 

Flautma- Fire Test, 
. billty Flame 

Limit, 
P wfgen 

Height, 
Feet 

Ethylene lycol 
Plus 10 B water 

8.7 240 856 40 3-8 
6.9 m-w 862 -- --- 

Plus 15% water 6.0 -..- s-m -- 3 
Plus 2C$ water 

9:: 
--- 871 48 --- 

Plus 25% water -es -me -- 1 
Plus 309 water 3.8 *em -- s-s 
Plus 35% water 2: --- EL& 67 2 
Plus 40$ water d-s 892 -- e-s 
Plua 50% water 2.2 --- 903 >80 s-s 
Plus 60% water 

t:: 
s-s 918 -- S-B 

Plua 70% water --- 934 -- --- 
Plus 80$ water M-s *- --- 

Dlethylene glgool 1,':: 260(3CC) :z -mm 
Plus 2C$ water --mm B-B -em E S-B 
Plus 35% water --*- m-s --- --- 

Propylene glycol 19.6 

>m 

glyuol 23%z5) 835 Dimethoxytetraethylene 2.5 s-s :2" 
-mm 

Plus 46% water mm-- --- 
Diethylene glyaol monoethyl 

--- >so XI 

ether 2.8 2lOb 790 m-w 
Plus 45% water m-s- --- --- 

2 
s-s 

Ethylene glyaol monomethyl 
ether 1.3 1l5 w-w S-M 
Plus 455 water --mm --- w-m E -em 
Plus 45% water plus 25% 

glyaol --MB m-s --- 
Ethylene glydol monoetml -' 

>= -mm 

ether 
Plus 45% water 
Plus 45% water plus B5$ 

glgcol 
Ethylene glyool monobutyl 

ether 
Plus 45% water 
Plus 45% water plus 25% 

glyool 

2.2 at 680 135b --- i: s-s 
---- B-s --- --- 

m-m- --- --- >m m-s 

2.4 165b --- .g -s- 
W-B- --- s-m W-B 

m--s --a --- >m m-w 

aWhen available, fire point la given in parentheses. 
bEanufacturer's data. 

. 
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TABLE III - COMPOSITION AND PROPERTIES OF RYDROLUBES 
. 

. 

Rydrolube 

t 
;: 
u-4 

Rydrolube A8 

Components 

Amy801 G-3493-B polymerb 
Ethylene glyool 
Water (distilled) 
Triethanolamine 
Phosphoric acid 
Diiaopropylamine nitrite 
Sodium mercaptobenzothiazole 

Bydrolube ua 

(a) Composition 

?e cent 
$ 

reight 

5::: 
38.8 

1.6 

1:: 
.2 

Ucon 75-H-69400 polymcrb 10.2 
Ethylene glycol 49.7 
Water (distilled) 36.4 
Diethylethanoleinine 1.5 
Phosphoric acid 
Diisopropylamine nitrite 1:: 
Sodium mercaptobenzothiazole .I 

Rydrolube U-4= 

Ethylene glycol 
Ucon lubricant 75-H-90000b 
Distilled URt8r 

Ethylene glycol monobutyl 
ether 

2-Methyl-2,4-pentanediol 
Diamylammoniurn laurate 
Diisopropylsmmoniucn nitrite 
Salicylal ethanolsmint 
Sodiw mercaptobenzothiazole 

38.4 
9.6 

36.9 

10.0 

9:: 
1.7 

:: 

(b) Properties 
viscosity 

(centistokes) 
Freezing 

point 

-40° FI O" FllOO" FI 130° F 
(OE') PR 

t: 9.6 
a17 0:: 

Below Below -60 -50 8.0-8.2 

(a.) 
OBelow -50 e8.2-8.7 8.8-8.9 

%eference 9, pm 11. 
bViscosity-index improver. 
ccomposition for a recent commercial sample or Carbide and 

Carbon Chemicals Corporation. 
dReferenoe 11, table II. 
eNavy specification 5lF22 (Am.), Oct., 1947. 



*After 40 hours. 
**After 60 burr. 

TARLN IV - GEAR-PUMP RUKi ON DIYIGTHYL-SILICOK+POLYME~ FLUID 

~aference 2U, table 2, p. SSg 

I 
?lm NO. 

P-L11 P-13 I P-18 
1 I 

3.24 3.26 3.36 
3.27 3.35 3.24 

9.560 9,760 6,lls 

P-19 

100 

1%. 
I50 

3.24 
3.24 

.9,440 

.0034 

.OwO 
.0081 
.0171 

09.27 
68.68 

?&nler 
'lth bw 

Hazy 

New 

a 

F 

P-20 

100 
180 

'"1;; 

P-21 P-22 P-23 

100 

E 
140-166 

100 
200 

'% 

100 
200 

1600 
165-196 

8.34 3.36 3.a4 3.36 
3.34 5.34 3.12 3.35 

10,040 eo,o40 .9, oe4 20,100 

,004S 
.oMO 
.DOlO 
.ax?4 

.0006 

.&xl 

:E 

.0092 .0044 

.0041 moo 

.wR6 +.(xX)4 

.q137 +.colO 

69.27 
69.83 

lklzuml 
LO bag' 

B-3 

71.u 69.27 
72.05 70.39 

sklmler 
with bq 

Claar, 
1igbt 
amber 

71.11 
72.34 

S M M I 
with bq 

c1aar 
snbbr 

'rem 
P-19 

Pm P-U 
nd P-20 

New NW 

E 

1 

3 
SE 

5 

I AN-w-0-366b 

n.u 
I 

15.37 
70.16 7.664 

. ES!zc 

FP 
31 

-I 

B 

P-63 

100 

1% 
37-45 

2.97 
2.92 

6,000 

.0536 

.0502 

.0102 

.0204 

18.s7 
8.465 

tarclatc 
la3 tYP 
------ 

mkea I 
lWhn¶ 
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TABLZ V - VISCOSITY STABILITY AND WEAR CHAFMCTERISTIC3 OF HYDFNJLIC FLUIDS CONTAIHIKI TM-I-m PHOSPHATE 

Teat Conditiona: Pump 3 Pesco 349 ctmr Pmp Speed = 3600 r.pam. 
Valve = Vlakers Yodel C-167-O Temperature ii 100° F. to 2oO'l F. 
Pressure 3 1000 to 26oC p.0.i. Tort Time m 100 boura (total) . 

Deearlptlon of Fluid; 12.2 might $ Aoqloid 265 in an 20-20 weight ratio mixture oi tri-n-butjl phosphntr and 
2-stbglbexyl sebsoate (PFiL 2476). 

R 1 TEST FTlmuRR, OIL 
UO. TIME, P.S.I. =*a 

EOUFIS 9. 

62 100 1000 100 

.63 0 to 22 1000 100 
2 to 46 2000 160 
6 to 97 2600 200 

~sfsranos 25, tabls XXIX, p. 134 

FLU/ RATE, 
O.P.Y. 

LFS IB WEICETTOFF'UF'U PARTS MEFi $DECREASE IB 106' p 
I . C'STOKE VISC. 

AFTHR 6ow CYCLES 
UITIAL FINAL DRIM IDfnE=l BROWZE 6mFmos- 

IB C D 

PRL Pum-r Teat Unit Bo. 3 - Vlokera Model C-187-C Valve 
8.67 a.67 0.178 0.078 0.011 0.011 0.013 0.01 26.0 

. 8.60 a,,30 e - - - - - * 
6.60 8.54 - - - - - - 
3.64 3.40 0.423 0.208 0.022 0.041 0.028 0.068 

1.67 3.69 0.150 0.072 0.009 0.012 1 I- 0.019 0.012 26.4 

al Hydrocnrbon-Baas 8pscifiaation 0.3. 2943 Fluid (PRL 1066 
3.45 a.44 0.002 0.002 0.004 0.m 0.001 0.004 I 

revr. BO* 
OF RgSIDU2 

MO.KOH/WrOIL 

0.73 

1.04 

0.44 

0.2 to 0.9 

. 



TABLE VI - COMPOSITION ANJI PROPSRTIES OF VARIOUS LESS XIIFLAMIUBLE HYDFtAULXC FLUID FORMULATIONS 

903 
RL 2ao 

table 9, P* 

RL 273i RL 8739 1 3L 274.0 RL 2741 RL 274Ii 
-r 

?L 2767 RL 28ls ‘RL 274s m2744 tu 2746 PTIL 2746 

_I 
25.6 

Blond Designation 

2x 

46.0 

23.0 

22le 

1% 
16.7 

190 

L5%) 

:mpositlon. wt. $: 

2-Ethglho 1 Ssbm&r 
% Hexaohloro tndlens 

Yoaoohlor Xylem 
Hsxafluorids 

Diohlor Xylem 
As~rluoalda 

Fluorolube PS 

6.9 
6.5 

6716 

6.8 

Et . 

51.5 

1 

1% 
14.6 

12 
266 

0.43 
G76 

0.61 
C-m 

4.0 
3.2 

4.614 
46.4 

- 

4.77 

1::: 
148 
464 
971 

0.69 
c-75 

9.2 
27.9 
16.8 

- 
- 

6.2 
4.9 

I - 
44.6 

7.0 

15”:; 

7414 

44.0 44.4 

5.0 
3.9 

45.6 
22.7 

22.6 

X-t 
11:s 

50.0 

26.0 

1 

7.4 

11":: 

26.0 

26.0 

25.0 

!:8” - 
48.2 

6.76 
11.0 
16.6 

101 

it: 

6.20 
10.7 
15.9 

149 
430 
969 

1% 
14.9 

142 
400 
959 

;;:i 
. 

12 
268 

0.61 0.68 O&I 0.4s 0.61 
c-75 <-76 (-76 c-76 <-76 

4.4 

2: 

1z 
263 

0.52 
c-71 

38.Y 
14’ 5% 

6.2 
4.9 

47:1 

s 
41.8 

Viaoosity in centlstokea II 
2100 P. 
E$ ;. (rxtrapollted) 

Co F: fextsmol*ted) 
-260 F. iextr&Wsdj 
-40° F. 

A.S.T.M. alope 
(2100 to -4w P) 

A.S.T.Y. pour point 

(1)~ypio.l apea. ~~-0-666 &drrulie-fluid oonmtituentm. 
(2)All omponmta me not mutually aolubls balm O" F. 
(6)Fluicln exhibit clouda at 40° F. 
(4)A.8.T.Y. rlopa ior ths int*Nll Oi 2100 to lO@ F. 
(6)Phma reparation noted rlEhough bulk oi fluid flown It -76" F. 

0.4 (4) 
c-76(5 7 

I.363 
I 

l ,  . 
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TABLE VII - FORMULATION DATA OF SIX EXPERIMENTAL LESS 
FLAMMABLE HYDRAULIC FLUIDS 

P eference 28, table XVIII, p. 451 

NLO Nmber 
Percentage Expressed as $ by Weighi 

Components 
3539 3541 3572 3573 3574 3606 

Petroleum Base Stock 51.0 51.1 51.9 51.0 51.6 52.8 

Acryloid HF.855 7.7 7.9 6.96 6.8 10.0 6.3 

Paranox 441 0.4 0.49c 0.4 0.4 0.4 0.4 

Fluorolube Fore Shot 15.6 17.9 16.7 16.4 15.0 7.9 

Tetrachlorotetrafluoropropane 25.8 ---- ---- ---- ---- ---- 
Chlorobis(trifluoromethyl)- ---- 23.1 ---- ---- ---- ---- 

benzene 

Dichloro(trifluoromethyl)- ---- ---- 24. ---- ---- ---- 
benzene 

Dichlorobia(trifluoromethyl)- ---- ---- ---- 25.4 ---- ---- 
benzene 

3,3 Difluorotetrachloropro- ---- ---- ---- ---- 23. ---- 
pene 

Chloro-1-(trifluoroethyl)-4- ---- ---- ---- ---- ---- 32.6 
~~~Bo~~tetrafluoroet~l)- 

* Paranox 441 percentage not figured into the final cmponent 
percentage. . 



TABLE VIII - PROPERTIES OF HALOGEHATED SXLTFFWS 

r_ Data tatsn from reference 23. All,tsmperstures have been converted frm "C.] 

Compounda 

3-CNoro(trlf luoromst~l)beneene 

4-Chloro(trlfluoromst~l)benesne 

2-Chloroftrlfluoromet~l)benerno 

Dlchloro(triflnoromot~l)benesnc 

Chlo~oble(talCluoramethyl)bensene 

r)lcHlarobia(trifluoromst~l)ben~ene 

Periluoromethglnaphthalene 

I-(Trllluormethyl)-l-(ohlorotetm- 
fluoroethyl)bemene 

EIexafluoroxylsne 

Pel*Pluorodlethglayolohexane 

Tetrachlorot4trafluoropropaae 

3,3-DlfluorotetracNoropropene 

Tr~fluoromethyloxybln(trlfluoro- 
methyl)benzene 

Chiaro-1-(trlfluoroimthyl)-4- 
(chlorotetraPLuoroet~l)banxene 

'1At 103.B" F. 

Viscoalty 
at 100° F 

!entlpol.94s) 

0.716 

.708 

.927 

1.24 

.Qm 

1.56 

4.15 

1.60 

.680 

1.458 

1.179 

.867 

81.01 

--I---- 

275 

276.8 

300.2 

147 to 362 

i89.4 to 2Q3 

M4.4 to 336.2 

121.8 to 323.6 

318.2 

241.7 

291.2 

235.4 

264.2, 

278.4 

-98.3 127.4 

-5.4 11s 

24.8 69.E 

4.8 to 41.0 339.E 

139 to -148 293 

-4oto -64.4 338 

-112 320 

0.4 to -4 320 

-3lta -46.4 167 

-104.8 293 

-166 233.6 

-144.4 250.2 

-121 275 

-94 ----- 

Fir+ 
point 

(*I 

158 

140 

L29.E 

339.E 

289 

558 

920 

320 

230 

293 

a3.6 

252.c 

, s 
I t 

, 
I 

1 
1 

pontanoour 
lgnitim 

zY$F 

1460 

14% 

1426 

134% 

1483 

---- 

--_ 

1436 

1112 

l38a 

1355 

001 flame 
emperature 

PF) 

1296 

1303 

1303 

1202 

1184 

1303 

1321 
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TABLE IX - EYDFMMC FLUID IwLAUABILI!vY l!E3TS 

Tests conduatsd in aoaordence with the proposed spsoif’ioaticm for non-ilausawibla type hydraulic fluid iewsd 
by the Aircraft Industries Assooiation of Amerioa, Ino. end dated July 21, 1947. 

c R4rbr4n0.3 29, table 12, p. 41 

Wick teet 

Fluld Hiok Min. Max. selr 
(Proportioncby time to duration EXtlJi- 

weight) 
Spray test High temperatura Bsbauat manifold 

1gaits of guiahlng ignition teat teat 
(sea) bln?ning 

(B-l 

E&l@) PWW l-1/2 To increase Flashes only Burns on pipe only 
Flbeq$!was 1 z L: 

A$-W-O-366b Paper l/2 14 UO Inoreaaes Sustained fire Burns on pipe and 
(Kl eees) Pm 

Fiberglas J/2 6 UO 

LO 2758(l) Paper 1 14 NO lie lnorease Flaehes mly Burns on pips only 
Piberglar 1 12 EO 

LO 2739(2) Papep 3 ii0 Ho inoreaae Flashes only Burns on pipe only 
Fiborglaa 1 if BO 

Hexachlorobutadiene Papea 1 21 TO Decreae ea Could not ba lo flash on pipe M 
ignited Pm 

Fiberglae No burn- Several 
iw rmomentaq 

flashon 

(1)LO 2738 = 6.8 at. 5 Aorylold 855 + 21.3 wt. $ XCT White 011 (C.O.C. ilaeh point, 220° F.) + 20.4 wt. $ 
Volteaao 36 (C.O.C. flesh point, 300” F.) + 51.1 wt. $ hexaohlorobutadlene. 

(2)Lo 2739 = 4.0 wt.‘% Aorylold 866 + 3.2 vt. $ XC9 White Oil (C.0.C. flash point, 220° F,) + 46.2 wt. $ 
2-ethylhexyl aebacate (O.O.C. ilaah point, 4500 F.) + 46.2 wt. $ hexaohlorobutadiene 

(3)Data Tar H3-1 ie taken from A.I.A. proposed epsoiiioation for non-flanaaable hydraulio fluida 



Table X - FLANIMABILITY TESTS 

~eferenue 28, table XX, p. 521 

Experimental Less Flammable Aircraft Hydraulic Fluids 
Flammability Teats AN-o-366 ML0 3539 ML0 3541 ML0 3572 IdLO 3573 ML0 3574 MO 3606 

Time to ignite 

6. 

0.6 sec. 1 sec. 1 BBC These teats not performed. 
Paper Wick 

en&h of burning 15 880. 15 sec. 15 8.90. These tests not performed. 

Time to ignite 

1 

0.5 sec. 7 sec. 0.5 sec. These tests not performed. 
Flberglaas 

Wick Length of burning 8 sec. 7 Bet. 6.1 aeo. These tests not performed. 

Spontaneous Ignition 
Temperature, OF 978 1148 1150 These tests not performed. 

spray Teat kcreaaed 
Fire ----------------- Extbguf&ea Fire---- -----_I_-- 

Sigh Temperature Ignltlcm Teat V1goroua 
Fir0 -------- Burms only in Oxg-Acetylene Flame--------- 

Exhaust Manifold Burnaon 
Pm -------- No flashing or burning on manFfold or In pan 

, 



. 

FABLBKI- OKIDATIOHAUD CoRROS’xO?i CEIARA&EFlISXIOS OF EtALO[IE!i4JlVTAIl!KUTGCOMP~SAW 
‘%NUFFBR”-CONTAIN~G HPDRAULIO FLUIDS 

. 

[Reference 29, table 14. p. 56-64 . - 
:olum No. AI++366 
trhibitor used 

1 2 3 4 I 5 
tnhibltor concentration, 
Coat fluid 

wt.% 
None None None Paranox 441 

Hexa- Fluorolube 
ohloro- 

Yonochlor PFti?Z78B d’t736 
FS 

butadiene 
X@m 

hemfluoride 
Ivera liquid loss, wt. $ a max. 3 3 72 4 4 
6 ohmge In viaooeity 

At 13:: pP* 
-5 to 20 

At . 
+1 +8 +33 -13 
0 

t9 
+26 +67 +55 +16 

Neut. No. (mg. KOH/gm. oil.): 
Original 0.2 maxa 0.1 0.0 0.2 
Fh.¶l 0.2 max. 0.1 .1:: 1.0 x:9 1.4 

lnareaae 

A.S.T.Y. union color: 
Oaigillal 
Final 

l- l- 
1-1/2 ;: 

l- l-l/2 2- 
2-l/2 >a >a 

Wt. $ insoluble material 

Final catalyst aonditlon: 
Appearmae : 

Copper 
Steel 
Almshun 
Nagnealum 
Cd-pltd. steel 

Itaom~ (nlg./sq. am. ) : 

Steel 
Alminm~ 
MagnesUu 
Cd-pltd. steel 

Mane None None 

No etohing, Coated Etlll 
pitting, or Rusted Bright 
vlslble Corroded Bright 
oorrosion Corroded Bright 
on all metala Bright Bright 

a.6 +0.40 to.06 
+o.e to.08 iQ.01 
M.2 -0.0% to.01 
t0.e -0.43 to*03 
3Q.2 -0.02 to.01 

mm None Ions 

Corroded Coated Coated 
Rusted Rust@ Rusted 
Corroded Corroded Corroded 
Corroded Corroded Corroded 
Coated Dull Bright 

-0.31 a.52 IQ.41 
t0.u a.17 -0.25 
to.11 to.02 +0.17 
+O.ll HI.06 -0.27 
+0.14 t0.02 w.04 



TABLE XI - OXIDATION AND CQRROSIOH CHA8AC!I%8ISTICS OP HALOffER-CONTAIBWff COMPOUND8 AND 
"sRuFPERn-CONTAINING HY'DlUULIC FLUIDS - Continued 

rpefereme 29. table 14. u. 5.5~sil 
Y--m ---- 

Column No. 6 I 7 I B 11 1 12 
Inhibitor used 
Inhibitor concentration, wt.$ 0.4 ""Y3*td 43B 

B Naphthol 
0.4 

Test fluid PRL 2738 P8L.2738 WL 2739 PRL0.2738 PR:*t73! 

Overall liquid loss, wt. $ 5 4 3 5 4 5 14 

$ abange in visoosity 
At 1300 F. +18 +19 l 13 +4 +Q -12 +34 
At 0” F. +25 +32 +l5 +I59 t15 +67 +61 

Ne;;ig;El(mg. KON/gm. oil): 
.o.z 

Final 0.00) ::%I k3& i:h :: it1 

A.S.T.M. union aolor: 
Origtil I-@ 3-B 2-e 
Fillal >8 >8->s 

Wt. $ insoluble material NOnO Hone 0.1 4.3 1.2 0.2 0.5 

Final ostalyst oonditlon: 
Appearsnoe: 

",zP,", 
Bright Coated Coated Dull Corroded Coated Et&d 
Eksted Rusted Rusted Laoquered Rusted Dull Rusted 

Aluminum Bright; p-pt Dull Bright 
Dull 

Corroded Bright Pitted 
MagnoRium Corroded Corroded Corroded Corroded Corrodec 
Cd-pltd.steel Bright Lacquered Lacquered Bright Coated Eright Dull 

wt. 1086 (mg./sq. cm.)1 
Copper -0.47 4-2.60 

2:: 
-0.77 -0.30 +1.02 -0.73 

3tee1 +0.33 to.36 -0.19 -0.15 -0.08 -0.51 
Almimm 0.00 to.06 to.03 +0.18 +0.14 
Magnesium to.09 +O.ll +1.33 +E -0.59 22 -0.36 
Cd-pItd.steel -0.27 +0.64 +o.l2 -0.88 +0.05 -0.04 a.11 

. 
- 



. . E9!a 

TABLE XI - OXIDATION AND OOFfFfOSIOH OFMRACl'BFfI8TICS OF EIALOCW-COHTAIMINI~ OOHPOUHDS AND 
“SNUFFER”-CONTAIAINO IUDIWJLIC FLUIDS - Oontinued 

~eferenos 29, table 14, p. 55-571 

~Oluim Bo. 
Inhibitor uned 
Inhibitor oonoentrntlon, rt+ $ 

Teat fluid 

Overall liquid low, wt. $ 

p cgam~~ol; viaooaitf 

At Oo F: 

"epn&l (mg.KoH/gm. 011) : 

Final 

A.S.T.Y. unicm color: 
Original 
Final 

Wt. f Insoluble material 

Final catalyst oondltlon: 
Appearance: 

Copper 
Steal 
Aluminun 
Yagnesimn 
Cd-pltd. atssl 

wt. 1088 (mg./sq. om.): 
copper 
Steel 
Alumimna 
Magnsalm 
Cd-pltd. atesl 

13 
Aal- 
0.4 

FIL 273 

4 4 4 

+26 +Ql 
+30 +24 

0.4 
0.l.p .I oo:h 

a Q-l/2 3-l/2 
>e >8 

3-l/2 
>a 

s-1/2 
>e 

None 0.1 None 0.1 None 

lorrodsm 
hill 
Iright 
lOFrOde 
bight 

dE 
R 
P 

dC 
D 

tched Corroded ltohod Coated Corroded Coeted 
uated Dull uated Rusted Dull Rusted 
ittsd BFi$lt 'orroded Sl.corrodsd Bright Bright 
orroded Corroded orroded Bright Bright ml11 
Ull Dull till LacquaFed Bright Lacqusred 

-2.30 
4.05 

tEi 
-0.02 

-3.63 -3.53 -2.06 tQ.32 -0.43 
tO.80 +0.07 to.05 M.38 +0.03 
M.06 0.00 to.11 tO.05 0.00 
-0.31 +I..15 -2.18 tO.09 to.01 
-0.00 tO.OQ to.08 to.66 -0.05 

8P 

'17:: 
17 

Cal00 MB 
0.4 0.4 

RL 2739 PRL 2738 

).4 wt!.'$ Aeros 
.ube 76 + O.O! 
lt.$ Dllpont 
letal deaoti- 
rator 

PF& 2738 

4 

4-7 
+18 

>i’ 
0.1 

. 

19 
1.06 wt.% Para- 
.0x 618 t 0.2 
%.$ marcapto- 
anaothlazole 

PRL 2738 

4 

441. 
t44 

2h 

>: 

0.1 

. 

+2.66 
+0.46 

22 
No.76 
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TABLE XI - OXIDATIOH AtID CORROSION CHARACTERISTICS OF HALCMH-COMTAIliIHG COMPOUIIDB AXD 
"SKUFF%FID-COWTAIBIG KYDRAULIC FLUIDS - Continued 

kiefaranoe 89, table 14. D. 65-54 

:olmn Ao. 
InhIbitor used 

20 
0.4 wt.% Para- 
nox 441 + o.oz 
wt.% Dupont 
metal deaoti- 
vator 

l'eht fluid PRL 2738 
Dvsrall liquid losa,rt.$ 3 

1 gan#ol; visooaity 
At O" P: +2 

wsut. HO. (mg.Ko~lgu. ollh 
OFlginal 0.2 
Final 8.6 

h.6.T.M. llnhn oolor: 
OrlgLnal 
Final ,f- 

At. $ insoluble material B0ne 

Final oatalyrt oondltlon: 
Appsaranos: 

Copper Coated 
Steel Dull 
Aluminum Bright 
uagneaim Dull 
Cd-pltd. steel Coated 

wt. loss (mg./aq. cm.): 
2:sr 
AlW&l~ 
Magnesim 
Cd-pltd. ateal 

ti:: 
+0.05 
+0.13 
to.50 

rP 
NOll0 

Coated 
Dull 
Bright 
Dull 
Coated 

+0.08 
to.01 
to.03 
to.14 
+0.34 

22 
s 0.4 rt..$ Stan- 
i Add 498 + 0.0: 

wt.% Paranox 
512 + 0.05,ut. 
c2Etmorta 

1 
PRL 273l3 

3 

+20 
+90 

2-1/Q 
>S 
Bone 

Coated 
Rusted 
KY 
Lacquered 

t1.OQ 
uJ.07 
+0.05 
%13 
to.94 

2.6 :t2ftg c2) 
Parenox 447A 

PFiL 2738 
4 

+9 
t13 

3:1/Q 

0.2 

Coated 
Sl.rusted 
Corroded 
Sl.corroded 
Corroded 

+0.21 
to.09 
+0.1a 
+O.lO 
-3.00 

nox 447A + 0. nox 447A + O.o! 

4 4 

+Ql +Q 
+24 +20 

;:;(l, ::sw 

I 2-l/2 
>a I 

>5- 

'ione I I Bmw 

Corroded Sl.caatsd 
Sl.rusted Sl.ruated 
Bright Sl.corroded 
Bright Sl.oorroded 
Lacquered Bright 

-3.65 +0.16 
to.05 
+0.05 
to.06 

;:z 
. 

to.08 -0.06 

. . 
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TABLE XI - OXIDATION AND CORROSION CRARACTRRISTICS OF HALOGEN-CONTAINING 
COMPOUNDS AND "SKUFFBR "-CONTAINING RYDRAULIC FLUIDS - Conoluded 

c Referenoe 29, tab18 14, p. 55-577 

Column No. 26 27 28 
Inhibitor used 0.4 wt.% Para- 0.4 rt.$ Para- 0.4 wt.$ Paranox 

nox 441 + 0.05 POX 441 + 0.05 441 + 0.05 w-t& 
wt.5 Paranox wt.% Paranox Paranox 512 + 0.05 
512 + 0.05 wt. 512 + 0.05 wt. wt.% DuPont metal 
$ DuPont metal $ DuPont metal deaotivator + 0.4 
deactivator deactivator wt.% tstrabutyl tin 

Test fluid PRL 2738 PRL 2738 PRL 2738 

Overall liquid 1086, mt.$ 3 3 2 

% ;pnggoi; viscosity 

At O" F: 
+10 +6 
4-20 +2': +12 

Nsut. No. (mg.KOH/gm.oll): 
Original 

Y:Z F:t 
0.5 

Final 0.6 

A.S.T.M. union color: 
Original 

>:- >:- 
-- 

Final 4 

Wt. 5 insoluble material None 0.1 None 

Final catalyst oonditionr 
Appearanoe: 

Copper Dull Dull Dull 
Steel Dull Dull Bright 
Aluminum Skoorroded Sl.corroded Bright 
Magnesium Dull Bright 
Cd-pltd. steel z&lt Dull Bright 

wt. loas (mg./sq. cm.): 
Copper W,.l5 +G.16 W.09 
stem1 +G.Ol 0.00 +Q.lO 
Aluminm +a03 ul.03 W.12 
Magnesium +0.05 

=o":Z 
+G.09 

Cd-pltd. steel +0.08 +0.07 

(')Fluoresoefn used as ZnSaator instead of bromthymolblue. 
(2) Paranox 447A = 16 wt. $ Paranox 441 + 2 wt. $ Paranor 512 in Voltearro 36. 



Yeutralixaticm No. 
:010r 
ITieoosit~ (Cantlstokea) 

040 F 
o 190° F 

PiiscosltJ (CeIltlPolses) 
0 40 F 

Plso%t, opsn Cup, 0P 
:opper strip COrnmloll 

72 bnmo 21d" F 
Evapeatim 
h ~mperatura Stablli~ 
Cxldatlcm C0rrooIm 

Stability 0 8180 F 
Copper 
steel 
Cadmium Steel 
AlWllinUD 
Magnerlum 

Vlslble C0mvaioa after 
mat 

csx 
cadmim plated ate01 
AlUEdllUOJ 

nern&!!%s or 011 
after Oxidation-Cormala 

Beutralisatlon Bo. Inorcaec 
Rubber Swell 

Rubber F (Perbman 26) 
Rubber H (Hyoar a-25) 
R&bar I (iTe0prene) 

Pour point 

II 
Bequwmults 

0.20 
PaSE 

500 
10 

440 
0.76 

240 

Slight brm atah 
Shall~~gsoO;ly 

Loll or gain 
0.2 mg/sq cm 
0.2 a&q cm 
0.2 m&q am 
0.2 mg/6P cm 
0.2 mg/sq cm 

l?o atshln&pltt* 
or vlalbls corroe 

'ion an a+1 metals 
. 

d-. 

-5 to +8ol 
+o.I ma& 

$ Volma increase 
e.sb-14.6 

2 ? 
- 9.6$ 

” 52% 
-75 
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O.OB 
El1 

n": 
0.04 
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E1g: 
Bright 
Bright 

6.8 

1.5 
-0.30 

16.8 
11.6 
46.4 

40 

E 0.29 
Pam 

488 
8.6 

446 
8.6 

370 
8.75 
406 

499 

i% 

500 

x2 
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Pass 
PUSS 

Pam 
Paas 
Pass 

PWS 
Pal!8 
Pa&Y 

0.B ill Fill llll Hi1 
Bll Nil Nil 111 Nil 
Nil Eil Nil Bll Nil 
Ill1 Iill IV11 Bil lyll 

0.104 Bll lpi1 Xl1 Nil 

ml SW 
Bright 

Bri@t 
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6.2 

M&t 
3rl@t 
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6.5 
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Bright 
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BFlght 

5.0 

2 
-0.38 

20.2 
18.3 
43.8 

-00 

1.8 

3Flghht 
3rlght 
3right 
3ri&ht 
3right 

3.9 

2 
-0.16 -ia 

0 
-0.04 

1 
-0.23 

There twta not perfoaed. 
These tenta not perfcrrmsd. 
These tests not perfomsd. 

-75 I-80 I-75 I-90 

. 
POET 

. 
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TABLE XIII - PUT@ TESTS CONDUCTED WITH LESS-INFLAMMABLE RIDRAULIC FLUIDS IN A PESCO 349 
GEARPUMP 

All Test8 Conduated in a Pesco Model 349 Gear Pump Loaded by a Pickers Model 167G Pree- 
sure Relief Valve 

Test fluid 

reference 29, table 13, p* 5a 

PRL 2286 PFiL 2785 PRL 2724 
(Speo. AN-VV-O-366b) (Snuffer Type Fluid) (Spec. AIV-W-O-366b) 

+ 1% Tricresyl 
Phosphate 

Pump Test Conditions: 
PTessure, p.e.1. 1000 2500 1000 2500 1000 2500 
Speed, r.p.m. 1800 3600 1800 3600 1800 
Temperature, op, 

3600 
100 200 100 200 100 200 

Time, bra. 100 100 100 100 100 100 
Flow rate, g.p.m. 1.80 3.43 1.75 3.48 1.75 3.26 

Loss fn wt. of Pump 
parts, @IILl.: 
Drive Gear 0.008 0.104 0.004 0.061 0.001 0.026 
Driven Qear 0.024 0.090 0.006 0.060 0.007 0.018 
Bushing A 0.013 0.038 0.000 0.002 0.012 0.020 
BuehingB 0.014 0.045 0.002 0.036 0.004 0.056 
Bushing C 0.003 0.051 0.000 0.006 0.009 0.024 
BushFngD 0.009 0.033 0.000 0.036 0.011 0.030 
Total, 4 Bushings 0.039 0.167 0.002 0.080 0.036 0.130 

Pest Fluid Properties: 
Centistoke Vleaosity 

at1OO'F. 14.1 14.1 14.5 11.6 (l) 14.3 34.3 
5000 Cycle Vleooslty 

Decrease, $ 21 40 22 ","(l) 20 38 

(1)The oharge for this test oonalsted of 4000 ml. of the residue fruu the mild 
oonditlon test plus 1000 ml. of new PRL 2785 makeup fluld. Therefore 
the measure of the viscosity decrease due to shear In this teat is no{ 
directly oanparable to the other values listed In this table. 



TABLE XIV - PROPKVIES OF ISSS-INFLAMMABLE PLQIDS COMPAREiD WITH A~-04686 FLUID 

All-O-366 Qlycol darivatlvs Water baas Sill!3CJl~ Ester bane 

Chlcro, obloro- 
‘1UCrc cmpcmds, 
wtroldm frao- 
tiaila, vlhxrlty- 
ndsx la~rorsr, and 
‘xldfltim-ocrmsim 

lntdbltor 

Polyglycol darlva- 

t¶ or phooaphats, 

Hater, ethylarm 
g4001. other 

glyeola, and 
WLpCW-phas.3 
and other in- 

hibitorm 

r 

i 
0 

d 
I 
I 
a 

) 

: 

very graatly 
dmrenasd ull- 
loam ".t.r 
escaps 

very greatly 
.aoreaaed. dnwnd- 

alo 
*1860 

satisractcry, 
partioulmr1 
balcm 160c l;d 

Nontoxio 

Cmas mrm11ilq 

CDm.timnble 

Msolbh 

.bcut aqua1 to 
Ji-o-366 

Low I Hcdsrrtm Modwrte 

. 
I  ,  .  
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